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Abstract:
The imminent oil crisis and global warming has revived research on sustainable
energy resources. The researchers are seeking for alternative, clean, cheap, and safe
resources of energy, such as solar energy, wind, sea waves, and heat. To this end
thermoelectric materials are of technological interest owing to their ability of direct
thermal-to-electrical energy conversion. In thermoelectricity, thermal gradients can
be used to generate an electrical power output. Recent efforts in thermoelectrics are
focused on developing higher efficient power generation materials. These materials
can open many new horizons of applications, such as converting solar thermal energy
to electricity, waste heat recovery, and as power generators for deep space exploration
of our solar system when coupled with a radioactive heat source.
In this dissertation, the overall goal is to investigate both the n-type and p-type of
the state of the art thermoelectric material, silicon germanium (SiGe), for high
temperature power generation. Further improvement of thermoelectric performance of
Si-Ge alloys hinges upon how to significantly reduce the as yet large lattice thermal
conductivity, and optimizing the thermoelectric power factor PF. Our methods, in this
thesis, will be into two different approaches as follow:
The first approach is manipulating the lattice thermal conductivity of n and ptype SiGe alloys via direct nanoparticle inclusion into the n-type SiGe matrix and, in a
different process, using a core shell method for the p-type SiGe. This approach is in
line with the process of in-situ nanocomposites. Nanocomposites have become a new
paradigm for thermoelectric research in recent years and have resulted in the
reduction of thermal conductivity via the nano-inclusion and grain boundary
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scattering of heat-carrying phonons. To this end, a promising choice of nano-particle
to include by direct mixing into a SiGe matrix would be Yttria Stabilized Zirconia
(YSZ). In this work we report the preparation and thermoelectric study of n-type SiGe
+ YSZ nanocomposites prepared by direct mechanical mixing followed by Spark
Plasma Sintering (SPS) processing. Specifically, we experimentally investigated the
reduction of lattice thermal conductivity ( ) in the temperature range (30-800K) of
alloys with the incorporation of YSZ nanoparticles (20 ~ 40 nm

n-type

diameter) into the Si-Ge matrix. These samples synthesized by SPS were found to
have densities > 95% of the theoretical density. At room temperature, we observed
approximately a 50% reduction in the lattice thermal conductivity as result of adding
10 volume % YSZ to the

host matrix. A phenomenological Callaway

model was used to corroborate both the temperature dependence and the reduction of
over the measured temperature range (30-800K) of both
+

samples. The observed

and

is discussed and interpreted in terms of

various phonon scattering mechanisms including alloy disorder, the Umklapp process,
and boundary scattering. Specifically, a contribution from the phonon scattering by
YSZ nanoparticles was further included to account for the

of

+

samples.
In addition, a core shell treatment was applied onto p-type SiGe. Ball milled
Si80Ge20B1.7 alloys were coated with YSZ with different thicknesses and characterized
upon their thermoelectric properties. The results show that YSZ coatings are capable
of greatly reducing the thermal conductivity especially the lattice thermal
conductivity. These coatings are applied directly onto mechanical alloyed (MA), p-
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type SiGe. The only concern about the YSZ core shelling is that these coatings turned
out to be too thick degrading the electrical conductivity of the material.
Our second approach, in a parallel work, is to enhance the thermoelectric power
factor as well as the dimensionless figure of merit ZT of: (i) single element spark
plasma sintered (SE SPS) SiGe alloys. (ii) ball milled (BM) SiGe, via sodium boron
hydrate (NaBH4) alkali-metal-salt treatment. Sodium boron hydrate alkali-metal-salt
thermally decomposes (decompose temperature 600 ~ 700 K) to elemental solid
sodium, solid boron, and hydrogen gas, as binary phases, e.g., Na-B or Na-H, or as a
ternary phase, Na-B-H. Upon SPS at 1020 K, it is inferred that Na dopes SiGe while
forming Na2B29 phase, leading to a reduction in the electrical resistivity without much
degrading the Seebeck coefficient, consequently enhancement of the power factor.
Both Hall and Seebeck coefficient showed that all the samples are p-type. Data
analysis shows that the reduction of the electrical resistivity can be attributed to the
increased carrier concentration. While the reduction of the thermal conductivity, in
the ball milled samples, is mainly due to the enhanced phonon scattering at the
increased grain boundaries in addition to contribution of scattering by the Na2B29
phases, consequently resulting in a very significant 80% improvement of the ZT
figure of merit.
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Chapter 1
Introduction to thermoelectric effects
The term "thermoelectric effect" encompasses three separately identified effects:
the Seebeck effect, Peltier effect, and Thomson effect. Thermoelectric effects refer to
the phenomenon of directly converting the temperature gradient into electricity (the
Seebeck effect) and vice versa (the Peltier effect). Thermoelectric devices generate
electricity when there is a temperature gradient. Conversely, when a current is applied
through them, a temperature difference can be established. The thermoelectric power
generation and refrigeration are the two fundamental applications of thermoelectric
materials. Thermoelectric generators (TEGs) and radioisotope thermoelectric
generators (RTGs) have had many terrestrial and extraterrestrial applications, while
thermoelectric cooling is one of the alternative solid-state refrigeration techniques. [1]
Original applications for TEGs were to power radios using the waste heat of kerosene
lamp.[2,3] Modern TEGs can be found powering wrist watches or capturing waste
heat from automobile exhaust systems. RTGs have been using for power deep space
probes for NASA.[4]

1.1 The Seebeck Effect
The Seebeck Effect describes a thermoelectric phenomenon by which
temperature differences between two dissimilar metals in a circuit converts into an
electric current.
In early 1823, T. J. Seebeck [5] reported that a junction of two dissimilar materials
held at a temperature gradient generates an electro-motive force (emf) or a
thermoelectric voltage. A simple thermoelectric circuit composed of two dissimilar
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metals is shown in Fig.1.1. The voltage, generated at the circuit, is known as the
Seebeck emf after the name of its discoverer, Thomas Seebeck in 1823. This emf was
found to dependent on the gradient of temperature, ∇T, and the type of materials.
Hence, a thermal gradient, ∇T, produces an electric potential gradient, ∇V.

The ratio between the voltage, ∇V, and the temperature gradient, ∇T, gives the
Seebeck-Coefficient, α, defined by Eq.1.1.[1]
∇

∇

(1.1)

This is the primeval effect relating to thermoelectric power generation.

Figure 1.1 The diagram of the Seebeck effect. A voltage is established when junction
1 and 2, where two metals A and B join, are put at different temperatures T and
T+ΔT.

1.2 The Peltier Effect
The Peltier effect is often viewed as the inverse of the Seebeck effect. In 1834, Jean
Peltier found that when a current I flows through the circuit, in Fig. 1.2, made of
Metals A and B, heat is absorbed at one junction and emitted at the other, depending
on the direction of the current and the metals in use. The Peltier heating, the rate at
which the heat is exchanged at the junctions, for two dissimilar materials A and B is
given by Eq.1.2.[1,6]

2

Figure 1.2 The diagram of the Peltier effect. When the current I flows through
Junction 1 and 2 made of metals A and B, heat is absorbed at Junction 1 and
generated at 2.

3

Q p = ПAB ּI

(1.2)

The Peltier coefficient, ПAB, is defined in terms of the relative Peltier coefficient of
the two dissimilar materials, Eq. 1.3.

Q p = (ПA – ПB) I

(1.3)

where ΠA and ΠB are the coefficients of Metals A and B, respectively.
In the Peltier effect, the direction of heat flow could be changed via controlling the
direction of the current. Therefore, the Peltier effect has been applied for many years
in thermoelectric refrigeration applications such as IR Detector cooling,
thermoelectric refrigeration, etc. thus, applications other than in power generation.

1.3 The Thomson Effect
This Thomson effect was predicted and subsequently observed by Lord Kelvin in
1851. It describes the heating of a current-carrying conductor with a temperature
gradient. In other words, Thomson effect is a redistribution of temperature differences
along an otherwise homogeneous strip of metal due to an electric current passing
through it. The gradient of the heat flux, known as the Thomson heat, for a spatial
coordinate x, and it is given by Eq. 1.4.

(1.4)
where I is the current, τth the Thomson coefficient, and

the temperature gradient

along the wire. Equation 1.4 could be positive or negative depending on the direction
of the current, I.
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There are two important points to bear in mind for the Thomson effect. (i) Unlike the
Seebeck or Peltier coefficients the Thomson coefficient can be directly measured for
an individual material. (ii) the relationships presented by Thomson, equations 1.5 and
1.6, provided the fundamental link between the thermoelectric refrigeration (П) and
power generation(α) effects.[1]
!

(1.5)

П

(1.6)

1.4 Thermoelectric Modules
The thermoelectric energy conversion modules operate in two modes, a power
generation mode and refrigeration mode as shown in Fig. 1.3a and b. Bbased on
Seebeck effect, a temperature gradient can be applied across the device to establish an
elecro-motive force emf. These devices require materials with either a positive (ptype) and negative (n-type) Seebeck coefficient in order to form a TE couple. The
Seebeck coefficient sign is usually the direct result of the majority carrier sign of
material. In p-type materials, holes are the primary carriers, giving rise to a positive
Seebeck coefficient, while in n-type materials, electrons are the primary carriers,
exhibiting a negative Seebeck coefficient. The n and p type TE materials are joined
together to make a TE couple. A TE module is made of a number of these couples
joined electrically in series and thermally in parallel. In addition a module can be
utilized to establish a temperature gradient when passing an electrical current through
thermoelectric materials. In this manner, according to Peltier effect, heat is absorbed
by the cold side and rejected by the heat sink side. These devices are used as an active
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cooling mechanism that is utilized in many electronic devices such as computer
processor coolers. Note that the Seebeck coefficients of state-of-the-art thermoelectric
materials are on the order of several hundreds of μV/K, hence a practical
thermoelectric module should have a large number of thermoelectric elements to
satisfy the requirement for output voltage. As stated earlier, TE devices are
constructed with an array of both types of material connected thermally in parallel
while electrically in series (see Fig. 1.3c).

Figure 1.3 (a) Thermoelectric power generation, (b) Thermoelectric refrigeration,
and (c) Thermoelectric module for power generation.[7]

To understand the Seebeck effect, we need to resort to the understanding of
electron band structures, which are distinct for conductors, semiconductors, and
insulators. The classification is made based on the location of Fermi level in the band

6

gap, the conduction band, or valence band. A simplistic example of the band structure
for various solids is given in Fig.1.4.

Figure 1.4 Band structure of crystalline solids at low temperature.[7]
The band-structure itself is composed of the energy and momentum states available
to electrons in a periodic potential of nuclei (only certain states are quantum
mechanically permissible). In the case where the temperature is zero Kelvin there are
no thermal or other methods for exciting electrons, so they fill the energy states
starting from the lowest state while obeying the Pauli’ exclusion principle. Then the
energy of the highest occupied state is referred to as the Fermi energy, EF.
This is obvious at the location of the Fermi energy in Fig.1.4, marked by the bold
black line. At T > 0 K, the electrons (those near EF) gain energy to excite to higher
energy states. The distribution of electron energy obeys the Fermi-Dirac statistics of
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indistinguishable Fermions. The number of electrons with energies in a certain level
(E, ∆E), n(∆E), is found by integrating the Fermi-distribution function, f(ε), and the
density of electronic states, #(%) , see Eq.1.7.

'(∆))

),∆)

*)

+(%) . #(%) . ./

(1.7)

The number of occupied states is the multiplication of the Fermi distribution
function, Eq.1.8, and the density of states, Eq.1.9, located within the integral in
Eq.1.7.

+(%)
#(%)

1

0

(2324 )⁄56 7

9
%

,0

(1.8)

(number (or density) of states per unit energy)

(1.9) At T = 0K, Eq.1.3, reduces to the a step function, and the results in f(ε < EF ) = 1
and f(ε > EF ) = 0 satisfying with the application of the Pauli exclusion principle and
the definition of the Fermi energy. At T > 0K, the Fermi distribution function remains
an exponential function representing the statistical distribution of electrons. Then the
energy of state at f(ε) = 1/2 represents the energy of state that has the same probability
of being occupied as being not occupied. This energy of state is known as the Fermi
energy for semiconductors, εf=1/2 (more precisely, the chemical potential). For metals
electrons within the order of kBT in the vicinity of εf will contribute to conduction. For
semiconductors there are more unoccupied states in the conduction band than
electrons that can occupy these and if the energy bandgap is sufficiently large enough
then the Fermi distribution function, Eq.1.8, can be replaced by the Boltzmann
distribution function, Eq.1.10 to describe the transport in such a system.
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+(%)

1

0

(2324 )⁄56 7

(1.10)

The region between the valence band edge and the conduction band edge is
called band gap, where there are no allowable energy states. A semiconductor is a
material where there exist a region where #(%) = 0, Fig.1.3, and whose band gap is on
the order of ~ 1 _ 100kBT which is about 0.025 to 2.5 eV at 300K. [8] This gap can be
overcome by thermally excited electrons at finite temperatures. Therefore, the
electron population in the conduction band will depend on temperature, which results
in the strongly temperature-dependent carrier concentration and electrical
conductivity of a semiconductor.
There are two types of semiconductors: (i) an intrinsic semiconductor which is a
pure material without any dopants so that the properties of the material does not
determine by amounts of impurities. In intrinsic semiconductor the number of excited
electrons will be equal to the number of holes (positive charges). (ii) an extrinsic
semiconductor that has been doped with an impurity in order to change the electron
and hole carrier concentrations. Electrons can be donated to the semiconductor’s
conduction band (by donor impurities), and holes to the semiconductor’s valence band
(by acceptor impurities). This will result in the dominant carrier in an extrinsic
semiconductor being electrons, i.e., n-type semiconductor, or holes, i.e., p-type
semiconductor.[8] More generally, the carrier type and carrier concentration are
adjusted by the shift of Fermi level. Fig.1.5 shows the doping of semiconductors
results in a shift in the Fermi level, where Ec represents the conduction band while Ev
the valence band.
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Figure 1.5 The doping of semiconductors results in a shift of the Fermi level.[9]
The Peltier heat arises from the difference in the Fermi levels of the two
dissimilar materials. Then a current, charges driven by an electric field, moving from
the material with a lower Fermi energy to the other material with a higher Fermi
energy will need to absorb heat from the lattice of the lower Fermi energy material
causing cooling at that junction. A reversal of the current causes heating at that
junction as the charge carriers give away heat back into the lattice as they go from a
higher to lower Fermi energy as shown in Fig.1.6.[6,10]

10

Figure 1.6 Mismatched Fermi energies in dissimilar materials contact.[10]
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1.5 Lattice Thermal Conductivity and Phonon Scattering
Thermal conductivity is the proportionality constant between time rate of heat
;< , through a material and the negative gradient in the temperature,
transfer, heat flux, :

=;>T, see Eq.1.11.

;<

;>
?

(1.11)

In the presence of a temperature gradient for a particle to travel with velocity, @>, its
energy must change at range of Eq. 1.12.
A)
A

B@>=;>

(1.12)

The average distance, a particle travels before being scattered, is vτ, where τ is the
relaxation time. The average total heat flow rate per unit area is given by Eq. 1.13.

;>
:

CB D@>. @>E=;>

0
F

CB @ =;>

(1.13)

Rearranging Eq.1.13 to match Eq.1.11 the thermal conductivity, κ, is expressed as
Eq.1.14.
0
F

CB @

0
F

G@H

(1.14)

where C = n c is the total heat capacity per unit volume, c is the specific heat, l = v τ
is the particle mean free path, and @ is the velocity of sound.
Above the heat flow and thermal conductivity are described in a phenomenological
manner according to kinetic theory. To have a microscopic understanding of thermal
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conductivity, we need to introduce the concept of phonons. In solids atoms vibrate
about their equilibrium positions (crystal lattice). The crystal lattice vibrations can be
characterized by the normal modes. The quanta of the crystal vibrational field are
referred to as “phonon”.[11] The phonon distribution function at thermal equilibrium
can be written as
0
KLM( NO
;> ⁄P6 )Q0

'J;>

(1.15)

Under a temperature gradient, the phonon system is deviated from thermal
equilibrium. In this case, one can assume that the scattering process tend to restore a
phonon distribution RS;> to its equilibrium form RTS;> at a rate proportional to the
departure of the distribution from equilibrium, such that
U
9O
;> Q9O
;>

(@>W ٠=;> )

VO

U
A9O
;>

A

(1.16)

;>Y is the phonon group velocity and ZS is the phonon scattering relaxation
where X
time. The total heat flux carried by all phonon modes can be written as

;>
:
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The lattice thermal conductivity (excluding the heat carried by the charge carriers) is
;>

;>
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where

(3^ ⁄2a ).^

,

and

+ (] ).]

therefore

b

FNc

dc ef

g .]

(this

characteristic behavior is a result of the Debye model which ω is proportional to q).
Using the Debye model lattice thermal conductivity becomes Eq. 1.19
0

*
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where ]m is the Debye frequency such that 3'

*
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(1.19)

+(]).] is the total number of

all phonon modes.
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(1.20)

is the total relaxation rate, and Debye temperature

ћ]m ⁄rs . The differential lattice specific heat is given by Eq. 1.21.
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Defining the mean free path of the phonons as H(n )
0

*
F

qh ⁄

@

J (n)G(n).n

0

*
F

qh ⁄

@ J (n), we get Eq. 1.22.

G(n)@H(n).n

(1.22)

This equation analogous to the thermal conductivity formula derived from simple
kinetic theory (Eq. 1.14).
The most important point to learn from the Debye approximation for lattice
thermal conductivity, Eq. 1.20, is that the lattice thermal conductivity is dependent on
the relaxation time of various phonon scattering processes. For many purposes, such
as crystals with a large amount of defects and crystals with considerable amounts of
14

isotopes, the Debye approximation is considered the main factor for calculating lattice
thermal conductivity. The Debye approximation includes phonon-phonon scattering
processes where total crystal momentum is not conserved, i.e., the Umklapp or Uprocesses. These processes go along with the Boltzmann equation assumptions made
to derive Eq. 1.18.
The N processes were first accounted for in calculations of lattice thermal
conductivity using the Callaway model.[11] Modern calculations of the lattice thermal
conductivity of SiGe are based on a relaxation time approximation model that
includes both U and N processes. Essentially, Callaway’s work was modified by
Steigmeier and Abeles, then it was adopted by Vining, Slack, and Hussain for SiGe,
and finally it appears in recent work by Minnich for modeling SiGe nanocomposites.
[12,13,14,15,16]
Back to Eq. 1.22, it was empirically and practically discovered by Matthiessen in
1862 that the scattering mechanisms were independent of each other and occur in
parallel. If the scattering mechanisms are indeed independent, then the overall
collision rate is the sum of the collision rates of the participating scattering processes,
Eq. 1.23. Some scattering processes that can participate are: (i) scattering from point
defects (impurities, isotopes, mass defects, etc.), τimp; (ii) scattering from dislocations
or strain fields, τstrain; (iii) scattering from phonon-phonon interactions (U-processes in
the Debye approximation), τph−ph; (iv) scattering from boundaries of the crystallites
(grain boundaries of different orientations or crystal dimensions), τB.
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+
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(1.23)

So, one can see that these processes add in parallel and thus the process with the
shortest relation time dominants in that region of temperature. Recalling the relation
between the relaxation time and the mean free path of phonon, l(x) = vτq(x), used to
obtain Eq. 1.22, one could derive Eq. 1.23 in terms of mean free paths, Eq. 1.24.
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The relation between the lattice thermal conductivity, the mean free path, and the
velocity of sound will be discussed in more detail in Chapter 4.
The temperature dependent lattice thermal conductivity curve of Si80Ge20
follows the usual trend found by Debye/Callaway models, Fig.1.7. At low
temperatures one expects that C(x) will govern the lattice thermal conductivity, Eq.
1.22, with its T3 dependence.[11] As the temperature increases the number of
boundaries and defects do not change very much (grain boundaries can change at high
temperature) but many more phonons are excited. Therefore, after a particular
temperature the contribution from these scattering mechanisms to thermal resistivity
remains quite flat. This is interpreted by the fact that at high temperatures when the
temperature dependence has a 1/T variation, the thermal conductivity approaches
some minimum value but not zero. Furthermore, as temperature increases the phonons
being excited have shorter wavelengths. Then at some point roughly 10 − 20% θD, the
Debye temperature become the point where the maximum frequency of the phonons
have been excited, U-processes, which have a 1/T dependence, begin to govern the
thermal resistivity.
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Figure 1.7 Shows an example of dominate mechanism for thermal conductivity.[12]
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1.6 Dimensionless Figure of Merit and Thermoelectric Efficiency
The first bid to describe thermoelectric efficiency was put forth by Altenkirch in
1910.[17] Later in 1949, Abram Ioffe formulated the Z parameter that evolved into
the modern dimensionless figure of merit, ZT, that is used to evaluate the quality of a
thermoelectric material, Eq.1.25.[18]
c€

•

(1.25)

The term α2σ in Eq.1.25 is often referred to as the power factor (PF) which
represents the electrical transport properties of a thermoelectric material. Ioffe showed
that semiconductors could maximize the PF, and subsequently the ZT by tuning the
band gap and carrier concentration, see Fig.1.8.
Recall that the carrier concentration is a key parameter to differentiate an insulator,
semiconductor, semimetal, or metal. The precise carrier concentration, n, needed to
optimize the PF is material dependent, also using a number to characterize the
electrical conduction in a multi-band system is over-simplified, nonetheless, the
carrier concentration is a key parameter we will look at in the first place in optimizing
the TE performance of a material, since the σ and α are both affected by Hall
mobility, μ. The mobility defines how easily a carrier (electron or hole) can move
through a material when an electric field is applied. It is the proportionality factor
between the electric field and the drift velocity, vd, for a conductor, Eq.1.26.

vd = μE

(1.26)
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Figure 1.8 Electrical conductivity and Seebeck plotted versus carrier
concentration.[19]

The ZT is a combination of the material’s transport parameters to form a
dimensionless figure that allows for comparison of materials in terms of their
potential conversion efficiency. Denominator of Eq. 1.25 represents the thermal
transport consisting both electronic and lattice portion of the thermal conductivity
and

1

respectively. In the context of Drude model for the free-electron gas the

specific heat, DC electrical conductivity, electronic thermal conductivity, and
Wiedemann Franz Relation are expressed as follows:

Be

F‚P6

(1.27)

where Be is specific heat at constant volume, n number of the carriers, and rs
Boltzmann constant.
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ƒ
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„

(1.28)

where, e is electron charge, m electron mass, and τ relaxation time.
1

0
F

H@Be

(1.29)

where l is mean free bath, and v velocity of sound.
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Sommerfeld theory is established when Drude’s model is advanced to include
the Pauli’s exclusion principle, i.e., advancing from the Maxwell-Boltzmann
distribution

of

classical

gases

to

the

quantum

mechanical

Fermi-Dirac

distribution.[58] The Sommerfeld model advances the understanding of both the
specific heat and the electronic thermal conductivity:

Be
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(1.32)

Usually when the semi-classical model is considered the electronic thermal
conductivity is calculated using the kinetic coefficients. Including a periodic potential
gives further addition to the semiclassical model. This results in the WiedemannFranz Relation for metals, but the Lorenz number, L0, is a factor of two larger than the
Drude theory. The DC electrical conductivity and correspondent Seebeck coefficient
become more complex when one includes the electrical conductivity.
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We discussed at length concerning the lattice component of thermal conductivity ( )
in section 1.5. Hence, for insulators one would consider, solely, the lattice
contribution in thermal conduction, while for metals the electronic contribution would
dominate (Fig.1.9). For semiconductors and semimetals, the parent compounds of
state-of-the-art thermoelectric materials, both the lattice and electronic terms are
comparable in magnitude. Therefore, maximizing the performance of a thermoelectric
material by maximizing σ and reducing

becomes a difficult task due to the

interrelations of the properties; enhancing one negates the other.
‘

•

=

1

+

(1.34)

An important derivation, using these transport parameters, is the overall conversion
efficiency of the entire thermoelectric element that is determined. For the power
generation mode, the efficiency is determined by the generated electrical power
produced from the heat flux input into the system. The generated power is defined by
Eq.1.35. It has contributions from both Ohm’s law and the Seebeck effect (J is current
density and E is electric field).
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Figure 1.9 The electronic and phononic contributions to thermal conductivity.[10]

The heat flux has a reversible Peltier heat term and an irreversible Fourier heat flow
term as shown in Eq.1.36.

P = EJ , E = - ρJ + α∇

(1.35)

:

(1.36)

“+ ∇

The maximum efficiency, ηmax, of the entire element is determined by integrating
the P/Q ratio over the entire length of the element, and using change of variable (dx =
dT/∇T), as complete derivation is found in the reference handbook.[20]
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Looking at Eq.1.37, one can recognize that it consists of a Carnot term and a ZT
dependent term. The Carnot term requires that the efficiency of the entire element is
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linearly dependent on the temperature gradient between the hot and cold sides, ∆T.
However, the material research aims at maximizing the ZT-containing term for a
given ∆T. Note that, in power generating thermoelectric materials, a more efficient
material can be more readily achieved by being able to broaden the ZT peak to cover a
larger ∆T rather than increasing the ZT peak.
For refrigeration thermoelectric materials (the Peltier mode), the efficiency of the
entire thermoelectric element is defined as the "coefficient of performance"(COP), φ,
as given by Eq.1.38.
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(1.38)

Conversely to the power generation efficiency, the COP is optimized by minimizing
the ∆T. That is because it is easier to pump heat from one side to the other right when
the system start to operate (current applied) because the initial ∆T = 0. Both the η and
suggest that a good thermoelectric material will hold a high Seebeck, high electrical
conductivity, and low total thermal conductivity ( +
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Chapter 2
Thermoelectric Materials
2.1 State-of-the-art Thermoelectric Materials
The state-of-the-art TE materials can be divided into three classes according to
the temperature of operation: i) High-temperature (> 900 K) materials, typically SiGe
alloy; ii) Mid-range temperature (500 – 900 K) materials, typically tellurides, such as
PbTe; iii) Low-temperature materials, i.e., Bi2Te3 based alloys for application from
near room temperature up to 473 K. Figure 2.1a, b shows the ZT of some
representative n-type and p-type state-of-the-art TE materials.
Ioffe was the first who demonstrated the promise of semiconductors for
thermoelectric applications in 1929 (Fig.1.8). Few years after 1930’s marked the
appearance of synthetic semiconductors with high Seebeck coefficients. Goldsmid
and Douglas, in1954, revived Ioffe’s work, and the advances in the field of
semiconductor technology support the development of higher performance
thermoelectric materials. Because of their potential military applications, RCA
Laboratories, spurred on by the U.S. Navy, began extensive research into
thermoelectric materials which led to the discovery of SiGe as a thermoelectric
material in the late 1950’s.[10,21] As observed from Fig. 2.1a-b, ZT ≈ 1 has remained
the maximum value for most materials. SiGe (ZT ≈ 1 at 1200 K) and Bi2Te3 (ZT ≈ 1 at
400 K) [22] have remained the preferring and outstanding thermoelectric materials for
power generation and refrigeration applications respectively. The high value of ZT in
both single crystalline and compacted polycrystalline form of Si-Ge could be
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attributed to low thermal conductivity and low electron mobility linked with a large
energy gap and a large carrier concentration.[22,23] The decreasing in the lattice
thermal conductivity in Si-Ge has been achieved by several procedures, such as,
substitutional doping[24], hot pressing [25], spark plasma sintering [54] and grain
boundary scattering[26].
Many of materials have been explored and investigated exhibiting potential as
TE materials. Optimizing Pb-Te based thermoelectric materials has received a lot of
attraction exhibiting a ZT ˃ 1 at about 400 K as shown in Fig. 2.1.[27] CsBiTe6 is also
a novel, high performance, TE materials system synthesized as a ternary compound
arising from Bi2Te3 alloys.[28] It’s low temperature properties are much enhanced
with a ZT ≈ 0.82 at 200 K and ZT ≈ 0.65 at room temperature. The other system
materials have been investigated exhibiting potential as TE materials are skutterudites
and clathrates[29], transition metal pentatellurides [30,31,32], ceramic oxides,
quasicrystas [33,34], superlattice structures [35] and quantum well systems. [36]
Recently discovered species of materials, such as the skutterudites, due to the
high ZT behavior, have been considered the most promising thermoelectric materials
and thus captured world-wide awareness. The skutterudites such as Co4Sb12 and
Fe4Sb12, because of their high Seebeck coefficient and electrical conductivity, came
up with a group of promising mid-temperature thermoelectric materials. To minimize
the thermal conductivity without degrading the electrical properties too much, the
solution is to fill voids in the skutterudite lattice with foreign atoms which are broadly
bound. The selected foreign atoms are usually rare-earth elements with heavy atomic
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masses

which

become

rattlers

in

the

lattice

that

scatter

heat-carrying

phonons.[37,38,39]
Another mid-range temperature TE materials half-Heusler alloys are a group of
ternary intermetallic compounds with a general formula MNiSn in which M = Zr, Hf,
Ni. Like skutterudites, high thermal conductivities make half-Heusler compounds an
interesting for improvement although they demonstrate excellent electrical transport
properties. Their thermoelectric performance can be optimized by appropriate doping
annealing.[29]
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Figure 2.1 Dimensionless Figure of Merit (ZT) of both (a) n-type and (b) p-type of
the State – of – the – Art Thermoelectric Materials.[40]
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2.2 Brief History of SiGe Thermoelectric Materials
The potential of silicon-germanium solid solution as a thermoelectric materials
was first shown in 1958 by Steele and Rosi.[21] In 1964, Dismukes et al. provided the
foundation for future optimizations with their work on silicon-rich SiGe alloys.[41]
SiGe alloys synthesized by the time consuming zone leveling process were first used
on the 1965 NASA SNAP-10 mission via Radioisotope Thermoelectric Generators
(RTGs) operating from 600 – 1000 oC.[10,42] In the late 1960’s grain boundary
scattering and the use of grain-refined alloys were employed to reduce the lattice
thermal conductivity of SiGe.[43,44] This leads us to D.M. Rowe’s study of the grain
size effect on thermal conductivity.[45] Synthesis of SiGe materials by the chill
casting method, in the mid-1970’s, was introduced by Sandia Laboratories in addition
to many other investigations such as milling, sintering, and pressing techniques.[1,46]
By 1976, SiGe had become the main material used in RTGs for all deep space power
generation applications.[10] The interest in SiGe was revived in the late 1980’s when
NASA was considering power sources for their future deep space missions and,
consequently, led to a large body of research effort during this time period. In 1987,
Vandersande et al. found that n-type SiGe/GaP samples had a Z value about 20-30%
greater than n-type SiGe alloys prepared by NASA.[47] In 1989, Ames Laboratory
introduced mechanical alloying (MA), as opposed to zone leveling, as a simpler way
to synthesize SiGe alloys.[48] MA is a grain refining process via a high energy ball
mill process. In 1991, Vining et al. studied many sintered and zone leveled SiGe
alloys including the highest published p-type performance at ZT ≈ 0.65.[49] A
theoretical limit about bulk n-type SiGe alloys was studied by Cook et al. in 1995.[50]
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All progresses made in SiGe would have to rely on nano-phases as suggested by M. S.
Dresselhaus in 1993.[51] In 1990’s showed the introduction of the Si-Ge superlattices,
nano-inclusions, and new pressing methods, such as Spark Plasma Sintering (SPS)
and Hot Isostatic Pressing, in an attempt to incorporate nano-structures into the SiGe
material to improve ZT.[52,53,54,55,56] In 2008, N. Mingo et al. theoretically
proposed that adding Silicide nanoparticles into Si-Ge matrix could strongly reduce
the thermal conductivity.[57] The lattice thermal conductivity will be smaller if the
additional scattering effect of dopants is considered, the higher the nanoparticle
volume fraction, the lower the lattice thermal conductivity. Due to phonon-scattering
by grain boundaries, reducing the grain size below the calculated mean-free-path
value leads to a reduced phonon mean-free-path and consequently a reduction of the
lattice thermal conductivity. In 2008, collaborative work between Boston College,
MIT, and GMZ Energy produced nanostructured SiGe bulk alloys via MA. They
reported ZT values of ZT = 0.95 (p-type) and ZT = 1.3 (n-type).[58,59].
Very recently, Clemson Advanced Materials Laboratory (CAML) demonstrated
that the single element spark plasma sintering (SE SPS) method when applied to SiGe not only it produces the full spectrum of materials needed to build a commercial
module, but also achieves samples that rival the performance of the state-of-the-art
materials used in RTGs.[60] Furthermore, the time element needed to prepare (SE
SPS) SiGe is greatly reduced.
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2.3

Thermoelectric Transport and Properties of p and n-Type

Si80G20
In this thesis, SiGe, the thermoelectric properties of n-type and p-type Si80Ge20
alloys used by NASA will be used as the comparison reference (appendix A). 1995th
edition of the Thermoelectrics Handbook discussed the thermoelectric transport and
other physical properties of both n-type and p-type Si80Ge20.[10] SiGe adopts a
diamond lattice (space group Fd3m) consisting of two inter penetrating face-centered
cubic lattices (Fig. 2.2). The lattice constant is composition dependent. In 1921
Vegard proposed that a linear relation exists between the crystal lattice parameter of
an alloy and the concentration of its compounds.[61] Dismuke formulated the slight
variation from Vegard’s law for SiGe alloys in 1964, Eq.2.1.[62]
Si1−yGey( oA) = (5.431 + 0.20y + 0.027y2) ( oA) at room temperature

(2.1)

Figure 2.2 Shows a sample of Si/Ge crystal structure.[63]
The theoretical density of SiGe alloy is composition dependent, see Eq.2.2. For
Si80Ge20 the theoretical density is 3.00 g/cc.[11]
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Si1−yGey (g/cc) = (2.329 + 3.493y − 0.499y2)

(2.2)

Next will present some published data of specific heat and thermoelectric properties
of n-type and p-type of SiGe alloys used for NASA RTG.
The specific heat for SiGe alloys is practically the same for the n-type and p-type
material (Fig. 2.3). The specific heat at constant pressure, CP, was used in the
calculations instead of specific heat at constant volume, CV. More details about using
CP instead of CV can be found in section 3.5.

Figure 2.3 Temperature dependent specific heat of typical thermoelectric SiGe
measured by NASA RTG.[10]
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Thermoelectric properties of a material usually are evaluated through its
measurable bulk transport properties, σ, α, and κ, and the fundamental transport
properties such as carrier concentration, n, and mobility, μ. The temperature
dependent bulk electrical transport properties (ρ, α and PF) and that of bulk thermal
transport property (κ) given by tables in the Thermoelectric Handbook are re-plotted
in Figs. 2.4, 2.5, 2.6 and 2.7, respectively.[10] The figure of merit ZT of both n-type
and p-type SiGe are presented (Fig. 2.8).

Figure 2.4 Temperature dependent of electrical resistivity of both n-type and ptype of typical thermoelectric SiGe measured by NASA RTG.[10]
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Figure 2.5 Temperature dependent of Seebeck coefficient of n-type and p-type typical
thermoelectric SiGe measured by NASA RTG.[10]

Figure 2.6 Power factor of typical thermoelectric SiGe measured by NASA RTG.[10]
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Figure 2.7 Temperature dependent of total thermal conductivity of typical
thermoelectric SiGe measured by NASA RTG.[10]

Figure 2.8 The dimensionless figure of merit ZT of typical thermoelectric SiGe
measured by NASA RTG.[10]
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Chapter 3
Measurements Systems and Techniques
An array of custom-designed and commercial measurement systems, at Clemson
University’s Complex and Advanced Materials Laboratory (CAML), are used to
characterize the thermoelectric transport properties of SiGe materials from low (10300K) [64,65,66] to high (373-1373K) temperatures. An in depth discussion on these
low temperature measurement systems, including the proper sample preparations, can
be found in the theses by Haeser, Edwards [67] and Thompson.[33,68]

3.1 Low Temperature Electrical Resistivity and Seebeck Coefficient
Measurements
Low temperature measurements, 20 – 300 K, can provide essential insight into
the ground state of a material. Looking at Fig. 2.11 one can note that when in the
range of 10% or less than the Debye temperature, θD, the structure and defects
(structural, magnetic, impurity, addition, etc.) are the dominant scattering factor for
electrons and phonons. This occurs nearly or below room temperature, therefore low
temperature measurements are essential to extract these scattering mechanisms. We
are using custom low temperature resistivity and Seebeck systems (R&S) between 10
and 300K.[65] Even though the system’s throughput are the resistivity and Seebeck,
the fact is that the computer is giving the results based on the measured voltages, and
the sample dimensions. Thus everything the system is measuring is a voltage
including the temperature that is found by converting the measured voltage of a
differential thermocouple.
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The standard dimensions for a sample, to measure its low thermal conductivity in
the system, are 2 × 2 × 8 mm3. The mechanism of input and output data and the
processes of working of the system can be found, in detail, Thompson’s thesis. [68]
The removable sample mount is shown in Fig. 3.1. It consists of a copper base that is
thermally sunk to the system by thermal grease (Apiezon® N Grease). A smaller
copper block to which a 39 Ω heater is attached to the copper base with 5-minute
epoxy, and a 24 pin dual in-line package (DIP) socket (Newark® #66f9190) that is
thermally sunk to the copper pieces by Stycast® 2850. A two part thermal epoxy
produced by Emerson Cummings® is used to support the thermocouple onto the
cupper bases. The sample is mounted between the base and the heater’s copper block
using silver paste (Dupont® 4929N). The 39 Ω heater is connected, for powering, to
pins 8 and 9. One current input wire, I+, is painted/soldered between the sample and
the heater’s copper block (pin 20). The other current input wire, I-, and a ground are
soldered to the copper base (pins 13 and 17). The two voltage leads used for
measuring resistivity are attached to the sample (pins 18 and 19). The two voltage
leads, VTEP− and VTEP+, used for measuring Seebeck are attached the same way as the
current input wires (pins 16 and 21). This placement depends on the assumption that
the thermal and electrical conductivities of copper are high enough, consequently, no
potential or thermal gradients exist within the copper base and the heater block. A
differential thermocouple is embedded into the copper blocks near the sample contact
surfaces in order to measure the temperature gradient, ∆T, across the sample (pins 6
and 7). Fig. 3.2 shows the pin layout of the removable chip. Data is collected as the
system cools down to 10K and as it warms up back to 300K producing cooling and
heating curves. For the theory and data collecting see Ref. [68].
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Figure 3.1 Shows the removable sample mounted for low temperature resistivity and
Seebeck measurements.[65]

Figure 3.2 Shows pin layout for the custom low temperature resistivity and Seebeck
measurements.[68]

37

A typical cooling rate for the sample of one degree per minute is usually set in
the system. The sample resistance is then calculated as Eq. 3.1.
¡
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(3.1)

As mentioned above, measuring a resistance of sample depends on its size. The
resistivity is an inherent of the material and is related to the resistivity, R, as:
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(3.2)

here A is the cross section area of the sample and L is the distance between the inner
leads (pin 18, 19).
The Seebeck coefficient is the ratio of electric potential difference, ∆V, and
temperature gradient, ∆T, across a sample. The electric potential difference is
measured using the voltage leads attached to the sample (pin 16, 21) without any
induced current. The temperature gradient is measured by a thermocouple imbedded
in the copper block the sample is attached to. A temperature difference is established
across the sample that is typically 2-5% of the sample temperature. The measured α is
then:
∆

∆

(3.3)

where αab = αa – αb

(3.4)

that consists both the sample contribution, αa, and leads contribution, αb. This requires
knowing αb, and then subtracting it from each measured value. Typically, αa, >> than
leads contribution, αb, since this is a metal and αa, is a semiconductor.
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3.2 Low Temperature Thermal Conductivity Measurements
Thermal conductivity, κ, is measured in a closed cycle refrigeration system
under a 5 – 10 milli-Torr vacuum. This system was designed by Pope, Zawilski, and
Tritt.[66] Similar to the R&S system, the system relies on a removable puck design to
achieve a high through put of samples. The sample is attached to a copper mount that
is screwed into the cryocooler head. For measuring the sample base temperature, a
silicon-glass thermometer (~ 10 – 400 K) was embedded near the sample. The
samples are mounted on modified commercial pucks designed by Quantum Design
for their PPMS systems AC Transport option, Fig. 3.3.[66]

Figure 3.3 Sample mounted for thermal conductivity measurements.[66]
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Since solder does not work well for making contacts on SiGe a silver paste is
usually used to mount the SiGe samples to the copper base. A 120 Ω strain gauge
heater is attached to the top of the sample using 5 min epoxy. A 1millimeter (0.001
inch) cross-section diameter constantan-chromel differential thermocouple is soldered
to #38 copper wires in Fig.3.3 that are Stycasted to the sample at distances similar to
the voltage leads, VR− and VR+, of the resistivity measurements. Once the system
evacuated and the temperature is stable, i.e. the steady-state condition is established, a
small electrical power is input into the strain gauge heater, P = I2R. The current, I, is
calculated from a measured voltage drop across a standard resistor in series with the
heater. The voltage drop across the heater and Ohm’s law are used to measure the
heater’s resistance, R, for each calculation of power. The power input into the heater,
Pheater = I2R, but to find the power across the sample thermal loss terms must be
considered, Eq. 3.5.
Psample = I2Rheater − Ploss

(3.5)

Several precautions, were taken to reduce loss terms in the system, were widely
discussed in Ref. [68]. The value of the heater’s resistance thermal conductance, K, is
given by Eq.3.6.

¬

•

∆

(3.6)

With the thermal conductance measured, the sample’s dimensions give the thermal
conductivity, Eq.3.7.
‹. «
•

(3.7)
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where A represents the cross-section area of the sample and l the length between
thermocouple junctions. It is important to note that above ≈150 K radiation loss can
become an issue when using the steady state technique. This will cause data to curve
upward. Typically as long as the radiation term is not greater than 15 percent of the
total value, a correction to the data can be perform as described by Pope et al.[66]
Thermal conductivity is defined by using Eqs. 3.6-7 in Eq. 3.8, where P is the
power through the sample which represented by Eq. 3.5.
•

∆

•

«

(3.8)

According to Stefan-Boltzman law of radiation, the heat emitted by radiation is given
by:
¦

ƒ-s /¤¦ ®(

°
¯

°

)

(3.9)

here, PRad is the power radiation, σSB is the Stefan- Boltzman constant, εIR is the infrared emissivity (0 < εIR < 1) and T and Ts are the absolute temperatures of the system
and the sample respectively which related by Eq. 310.
Ts = T + ∆T

(3.10)

Using Taylor expiation to Ts and assuming ∆T to be small one can get Eq. 3.11.
Ts4 = (T + ∆T)4 = T 4 – T 3∆T + Higher Order Terms

(3.11)

Hence, Eq. 3.9 becomes
¦

ƒ-s /¤¦ ®(

F

∆ )

(3.12)
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An endeavor to correct the data for radiation heat loss has been performed as
shown in Fig. 3.4.[66] A fit to the lattice thermal conductivity data from about 200 K
is made and the data-fit is then interpolated to 300 K. The difference (∆ ) between
the interpolated data and the origin lattice thermal conductivity data is then taken and
plotted against the cube power of temperature. If this plot of ∆

vs. T 3turns out to be

linear, one can assume that this difference is most likely due to radiation loss.

Figure 3.4 Radiation correction for lattice thermal conductivity.[66]
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3.3 Hall Coefficient Measurements
The power factor is generally optimized at a certain carrier concentration, which
is material property dependent. Hence, it would be crucial to measure the carrier
concentration, n. This property can be found by measuring the Hall coefficient. Hall
effect is due to the nature of the current in a conductor. Current consists of the
movement of many charge carriers, typically electrons, holes, ions or all three. When
a magnetic field is present that is not parallel to the direction of motion of moving
charges, these charges experience a force, called the Lorentz force as shown in Fig.
3.5.[69]

Figure 3.5 Shows the Hall effect.[69]
In absence of magnetic field, the charges follow approximately straight paths between
collisions with impurities. However, when a perpendicular magnetic field is applied,
their paths between collisions are curved so that moving charges accumulate on one
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side of the material. These moving charges leave equal and opposite charges exposed
on the other face. The separation of charges generates an electric field that opposes
the further migration of charges, so a steady electrical potential is established for as
long as the charge is flowing. Giving the Lorentz force Eq.3.13, that indicates the
force on a charge particle traveling in a magnetic field.[70]
±>„

;>
^@> × ²

(3.13)

The Hall effect is then this magnetic force being balanced out by the electrostatic
force, ±>1

³;>

1

( ). Writing the current in terms of velocity v, I = neAv or v =

I/neA, then substituting this value of v into Eq.3.13 and setting it equal to the
electrostatic force one can derive the Hall voltage, Eq.3.14.

´µ

¤s

‚1

(3.14)

where I is the current across the plate length, B is the magnetic field, t is the thickness
of the plate, e is the elementary charge, and n is the charge carrier density of the
carrier electrons.
At CAML, a physical properties measurement system (PPMS) using an AC
current is used to measure Hall voltages. The positions of voltage leads used for
measuring VH are essential. Specifically, the voltage must be measured between two
points on a line perpendicular to the flow of the main current. Also these contact point
of the leads with a sample must be placed far enough (away from the current inputs),
such that a uniformly distributed current is established through the cross-section of the
sample. Likewise, the sample must have reasonable surface area (~ 8×4 mm2) so that
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the leads can be well spaced. Thickness of the sample has to be as thin as possible (¶
1 mm). Such a volume gives a large enough signal from the two points measuring the
voltage perpendicular to the current flow, and also allows for a uniform distribution of
the current to be established before measurements are performed.
Since PbSn solder is not easy to use for mounting SiGe alloys, silver paste
(Dupont® 4929N) instead is used for mounting to ensure electrical contacts to the
sample. The contact points of leads with the sample have to be as small as possible to
get a uniform current. The silver paste needs about 24 hours to get dry. The actual
configuration used in the PPMS is a five-probe method (this includes the two current
leads), Fig. 3.6. One notices that the positive lead for the Hall voltage is replaced by
two leads, +VA and +VB. These leads go to both ends of a high accurate potentiometer.
The center balanced point of the potentiometer then acts as the positive lead for the
Hall voltage (+Vvirtual). This allows a bridge balancing method to be performed, where
if the potentiometer is balanced such that the voltage is zero when H = 0, then with
the magnitude of the driving current any associated voltage +Vvirtual that arises is due
solely to the Hall effect.

Figure 3.6 Five probe configuration used to measure Hall voltage.[68,71]
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The Hall coefficient for several p-type SiGe samples doped with NaBH4 prepared
by both MA and SE SPS were measured. This was to investigate that the carrier
concentration of in-house MA standards reproduced. This data will be reported in Sec.
6.1, Chapter 6. The magnetic field was swept from ± 0.5 Tesla and the temperature
and current were held constant, while the Hall voltage was measured. Then VH versus
H is graphed. Using a y = mx + b formula, one notices that Eq.3.14 with b = 0
indicates that the slope of this graph gives Eq.3.15. This equation can easily be solved
for carrier concentration, n, because the other variables are known.

H·¸

¤

‚1

(3.15)

where n is carrier concentration, e electron charge, and t sample thickness.

3.4 High Temperature Electrical Resistivity and Seebeck Coefficient
SiGe alloys are high operating temperature thermoelectric materials therefore,
characterization of high temperature transport data is more essential than low
temperature

characterization.

The

benefit

of

low

and

high

temperature

characterization methods is the added certainty when the trends and magnitude of the
measurements align between high and low temperature systems. This goes further
when the thermal conductivity systems are considered. This is because the low and
high temperature systems take measurements in perpendicular planes of the sample.
Therefore, anisotropy is quickly realized by any mismatches in the thermal
conductivity data.
A commercial ZEM-3® system manufactured by ULVAC Technologies, Inc.
was used to simultaneously measure the Seebeck coefficient and resistivity for high
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temperatures (50-800 oC). Similar to CAML’s custom low temperature R&S, the
ZEM-3 is operating with a four-probe technique to measure resistivity. Since the
ZEM-3 is a commercial system, mechanical springs make pressure contacts for the
electrodes and voltage leads instead of having soldered or silver pasted leads used in
R&S. Also, the voltage leads are built to be both a voltage lead and a thermocouple.
The thermocouple leads are inserted in a double-hole ceramic tube. The junction of
the thermocouple is exposed at the end of the ceramic tube to face the sample, and the
junction itself is carefully designed to be flat to make a good contact with the
sample’s surface. The thermocouple junction is pressed and held by mechanical
springs, supported at the other side of the ceramic tube, to the samples surface
creating a good thermal and electrical contact. To measure Seebeck coefficients two
thermocouples are aligned vertically along the sample. Many explanation and
discussion about the thermocouple’s function and ZEM parts can be found in
Thompson’s thesis.[68]
Once the sample installed at the system, V-I plot test based on Ohm’s law must be
done. The V-I plot is a two-probe measurement taken at the voltage leads. It is
recorded for several currents usually on the order of mA before the system is switched
to measurement mode. This test is necessary to assure a good electrical contact
between the probes and the sample via getting a straight line of data. With the sample
installed, an ohmic (linear) V-I plotted, and a current that provides the "proper"
Seebeck signal selected the ZEM is ready to run. Its methodology for measurements is
widely explained in Ref. [68]. To understand the position of the sample associated
with the probes see Fig. 3.6.
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Figure 3.7 Probe Schematic of ZEM-3.[68]

3.5 High Temperature Thermal Conductivity
Because of radiation loss becomes too large at high temperatures, high
temperature (373K-1373K) thermal conductivity is not measured directly as it is via
thermal conductance measurements at low temperatures (10-300K). There are several
methods with various pros and cons that available for indirectly measuring high
temperature thermal conductivity, such as laser flash thermal diffusivity method that
is the chosen method at CAML. This method depends on measuring thermal
diffusivity, D, then the total thermal conductivity is calculated using Eq. 3.16, where d
is density, Cv is specific heat at constant volume.

κ = d × CV × D

(3.16)

The thermal diffusivity is measured using a Netzsch LFA 457 MicroFlash system.
This commercial system can measure many different shaped samples as long as the
thickness is a constant between 0.5mm and 5.0mm. All of the SiGe alloy samples
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were densified in the spark plasma sintering (SPS) system with a 12.7 mm diameter
die. These densified discs have 1-2 mm thickness. As one can tell from the name
“laser flash”, the system pulses a 1064 nm laser beam on the bottom of the sample
associated with an infrared detector to measure the temperature profile on top of the
sample as a function of time. A typical signal from the infrared detector for the
measured sample is shown in Fig. 3.7.

Figure 3.8 Typical signal from the laser flash’s infrared detector for the SiGe
alloy.[68]
Thermal diffusivity depends on calculating half-time of the rise and saturation of
the infrared detector signal. The theory for this calculation has been well
developed.[68,72,73,74] The crucial issue, the laser flash system is depending on, is
the adiabatic condition.

This requires that the temperature of the sample is

isothermal, the sample is homogeneous, and no heat-exchange with surroundings. The
Netzsch LFA 457 MicroFlash system is designed with the appropriate heat control
system to almost always guarantee the initial temperature being isothermal. Also the
sample supporters are made of silicon carbide, which means that no heat is being
exchanged with the circumstances. All of the as-prepared SiGe alloy samples
discussed in this thesis have the homogeneity condition. The relationship known as
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the Parker equation, described by solving the 1-D heat flow equation using Fourier
analysis and the boundary conditions of the sample’s geometry, gives the thermal
diffusivity, Eq. 3.17, where D is the diffusivity, L is the sample thickness, and t0.5 is
the half rise time.

¹

0.138784

c

(3.17)

U.¼

More details and discussion about the uncertainty exist in Ref. [68].
The author would like to mention that measuring Cv for Eq. 3.16 would prove
quite difficult in practice, since holding a material’s volume constant as varying the
temperature is not feasible for most materials. Most of the theoretical calculations
related to the lattice thermal conductivity are based on using CV. However,
experimentally measure only specific heat at constant pressure, Cp. So, for the sake of
the experimental and theoretical analysis of this work, then we considered that the
specific heat at constant pressure and constant volume are equal. Since the specific
heat does not vary much by doping or small percent of inclusion, the author chose to
use NASA’s Cp data from appendix A.
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Chapter 4
SiGe Material Synthesis and Preparations
4.1 Mechanical Alloying and Densification Process
In 1965, the zone leveling growth technique was first employed, to prepare SiGe
alloys used in NASA’s RTGs operating between 600 and1000 oC for the SNAP-10A
mission.[10] This growth technique is complicated by the large miscible gap of
silicon and germanium solid solution, Fig. 4.1. Hence, preparing and densifying SiGe
alloys requires some efforts and precautions to produce a homogeneous sample.[60]

Figure 4.1 Phase diagram of Si and Ge along with SE SPS alloying points.[60]
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In 1974, a chill-cast-hot-press procedure was introduced by Sandia
Laboratories.[1] This work suggested that particle size plays a crucial role in
achieving densified homogeneous samples with a HP. The same work showed that
although solid state diffusion does occur during the HP process, the homogenization
is only effective at short distances. Hence, it was concluded that physical mixing of
pure silicon and germanium powders followed by HP is inadequate to produce a
homogeneous SiGe alloy.[75] In 1990, Vining et al. confirmed Rowe’s and others’
hypothesis that sintered SiGe alloys are superior to single-crystal materials.[49] To
produce single phased powder for sintering, mechanical ball milling was identified as
an effective approach. MA is a faster method to produce a homogeneous sample (15
hours) than zone living method (100 hours) and chill coasting method (24 hours).
Cook and others at Ames Laboratory conducted extensive investigations improving
the mechanical alloying (MA) of SiGe. [50,75,76] MA SiGe and densification by the
HP is the current method used to produce SiGe alloys for RTGs.[20, 60] Recently,
CAML introduced a rapid method of alloying SiGe via single element spark plasma
sintering (SE SPS) procedure. SE SPS, method when applied to Si-Ge, not only it
produces the full spectrum of materials needed to build a commercial module, but also
achieves samples that rival and comparable the performance of the state-of-the-art
materials used in RTGs.[60]
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4.2 Alloying Si-Ge:
Semiconductor doping is the process that changes an intrinsic semiconductor to
an extrinsic semiconductor. During doping, impurity atoms are introduced to an
intrinsic semiconductor. Impurity atoms are atoms of a different element than the
atoms of the host crystal lattice. Impurity atoms act as either donors or acceptors,
changing the electron and hole concentrations of the semiconductor.
Donor impurity atoms have more valence electrons than the atoms they replace
in the host crystal lattice. Donor impurities "donate" their extra valence electrons to a
semiconductor's conduction band, increasing the electron carrier concentration (ne)
and making the material of n-type. In general n-type semiconductors have a larger
electron concentration than holes concentration, electrons are the majority carriers and
holes are the minority carriers. A common dopant for n-type silicon germanium is P.
Acceptor impurity atoms have fewer valence electrons than the atoms they replace in
the host lattice. They "accept" electrons from the semiconductor's valence band. This
provides excess holes, increasing the hole carrier concentration (nh) and making the
material p-type. P-type semiconductors have a larger hole concentration than electron
concentration, holes are the majority carriers and electrons are the minority carriers. A
common p-type dopant for Si-Ge is B.
Bulk polycrystalline p and n-type

alloys were fabricated via a ball milling

and SPS processing technique. This fabrication technique is facile-time and cost
efficient. One could easily scale up for the commercial production of TE materials.
Recently, using high-energy ball milling procedure, large quantity of nanosize powder
can be produced.[58] In high-energy ball mill the particles of the material powder are
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repeatedly flattened, fractured and re-welded. Every time two steel balls collide they
trap powder particles between them. The force of the collision deforms the particles
and produces atomically clean surface. When the clean surfaces come in contact, they
weld together. Since such surfaces readily oxidize, the milling operation is conducted
in atmosphere of Ar or inert gas.[58] Typical MA time for SiGe alloys is 10 to 15
hours. MA SiGe and densification by the HP is the current method used to produce
SiGe alloys for RTGs.[20,75] Bruce Cook synthesized n or p type SiGe samples from
raw elemental chunks using the traditional mechanical alloying process. [20] The MA
method was performed because it is the present and available method, at both CAML
and at University of Virginia (UVA), for producing thermoelectrically SiGe. The
details of the materials used for sample synthesis is summarized in Table 4.1. A Spex
8000M high energy mill as used in Cook’s studies [48] was used.
When it comes to YSZ, the YSZ powder, prepared by Nano Sonic Corporation,
has molecular formula {(ZrO2)0.903(Y2O3)}. Then the YSZ powder was mixed with the
ball milled Si-Ge. All the MA processes of the samples were done at University of
Virginia. The raw materials were loaded in a stainless steel vial under an Argon
atmosphere in a Labconco® Protector glovebox. A hardened steel vial with flat ends
was chosen because of its time efficiency at alloying SiGe over other materials and
round ended vials.[77] Single elemental Si and Ge were stoichiometrically weighed
and loaded into the vial in the glovebox. The stoichiometry was based on 80 mol. %
Si and 20 mol. % Ge. Then the dopant of P for n-type samples or B for p-type samples
was calculated on top of these values. To compensate the lost in the milling process
excess P and B were added to the vials. According to literature, 2 mol. % P and 1.7
mol. % B produces optimally doped thermoelectric samples.[42,77]
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Material

Manufacturer

Purity %

Form/Particle Size

Silicon

Alfa Aesar®

99.9999

100g Lump

Germanium

Alfa Aesar®

99.9999

25g ingot

Boron

Alfa Aesar®

99.0 -325

Mesh

Red Phosphorus

Alfa Aesar®

99.999

Lump

Table 4.1 Contains elemental suppliers, purities, and sizes for MA materials.

The vial was closed in the glove-box sealing an Argon atmosphere inside the vial
by an o-ring and treaded cap. The material was alloyed after 15 hours. The powders
were collected and divided into two parts and bottled in ambient condition.
Afterword, the n-type of the ball-milled powder was divided into four batches. One of
these batches left without inclusion to use as a reference (pristine sample). The YSZ
powder directly added milled SiGe powder, by 2, 5, and 10 vol. % to each batch then
re-milled for 10 minutes. All the four batches were SPSed and run thermoelectric
measurements at CAML. The p-type of the ball-milled powder was sent to NanoSonic
for core shell process with deferent thicknesses then SPSed and run thermoelectric
measurements.

4.3 Densification of Mechanical Alloyed powder
Once p-type and n-type SiGe powder was obtained by the MA, direct mixing
with YSZ nanoparticles, and core shelling processes, it is necessary to condense the
material into a disc so that the bulk thermoelectric properties could be determined.
Before the 2000’s, common process for densification was to HP these materials.
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Many studies and investigations have been conducted on the HP of SiGe.[1,46, 56,76]
Recently, densified materials via SPS method has become more predominant in the
field of thermoelectrics. Many publications give general conditions used for SPS SiGe
alloys.[54,78]
Thompson used the above references as a guide. Optimal SPS sintering
conditions were to be determined by varying one of the parameters of the SPS while
holding the others constant.[68] It is important to know the minimum sintering
temperature and pressure so as to preserving the nano-structures during sintering
process while attaining a decent packing density.
Grain coarsening effects is not expected to occur until below the 50 μm grain size was
noted by Parrot when he showed that grain sizes of approximately 40 μm increased
thermal resistance by 9% and grain sizes of approximately 4 μm increased thermal
resistance by 26% compared to 50 μm grain size.[44] Building on this, Thompson
chose, at the beginning of his investigation, 13 grams of Si80Ge20P2 to investigate the
effects of various SPS parameters. He also chose milling time of 60 hours. The
powders were sieved to be between 53 to 500 μm, so that varying starting grain size
would not give spurious results as the SPS parameters were studied. X-ray diffraction
(XRD) analysis of the powders confirmed the material was the desired single
phase.[79]
Maximum holding temperature to vary is the most obvious SPS parameter.
Therefore, comprehensible settings were chosen for the other SPS parameters that
were to remain constant such as 12/2 on/off pulse ratio, 40MPa of pressure, a holding
time of 10 minutes at the maximum temperature, and cooling the sample without
pressure at the end of the program. Temperature in the range of 900 oC to 1250 oC
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was chosen for the investigation. It is noted that the 980 oC and 1100 oC maximum
holding temperatures are both viable options for sintering high density (>96%
theoretical) Si80Ge20P2 samples. The next step in optimizing the SPS conditions is the
pressure parameter. Pressure is depending on the size of the die, especially the crosssection area, because the actual adjusted parameter is the force on the rams, 1.5 to 20
kilo Newtons. The preferable die diameter selected for all the experiments was
12.7mm. Therefore, the minimum pressure possible is approximately 15MPa. The
other parameters 12/2 on/off pulse ratio, a holding time of 10 minutes at the
maximum temperature, and cooling the sample without pressure were still held
constant.
In order to sinter the powder, the powders were loaded into a 12.7 mm graphite
die with three layers of graphite foil on the rams. The samples were then sintered by
Dr. Sinter SPS-515S (Fuji Electronic Industrial Co.) available at CAML, and
characterized with regards to their thermoelectric properties.

4.4 NaBH4 Addition to SE SPS SiGe
As mentioned in the abstract, the second approach of this thesis addresses
enhancing the power factor of SE SPSed and MA alloying SPSed SiGe via NaBH4
addition. Since NaBH4 treatment will be done on SE SPSed as well as MA alloyed
SiGe, it is necessary to re-mention that physical mixing of pure silicon and
germanium powders was inadequate to prepare a homogeneous sample using the
HP.[46] This HP work was reproduced and confirmed using the HP at CAML. It was
observed that the particle size plays a key role in achieving dense homogeneous

57

samples with HP. Therefore we begin to realize that the SE SPS for SiGe is as not
straightforward and simple as it first appears.[79,80,81]
At CAML, the SE SPS conditions were optimized after several months of
research, regarding the optimal temperature profile and particle size of the starting
materials.[68] A precaution should be taken as to the ready oxidation of fine powder.
To this end, different sizes of starting elements were chosen for SE SPS (Tab. 4.2).
Material

Manufacturer

Purity %

Form/Particle Size

Silicon

Alfa Aesar®

99.9985

crystalline/amorphous 1-20μm

Silicon

Alfa Aesar®

99.999

-325 mesh (44 μm)

Germanium

Alfa Aesar®

99.999

-100 mesh (149 μm)

Sodium boron hydrates

Alfa Aesar®

99.999

Crystalline/amorphous

Table 4.2 Contains elemental suppliers, purities, and sizes for MA materials and
NaBH4.
The preparation of samples began by weighing out stoichiometric amounts of
powders (Si80Ge20(NaBH4)x where x = 0.7, 1, and 1.7, and Si80Ge20B1.7-y(NaBH4)y
where y = 0.2, 0.7, and 1) and lightly mixing them in a mortar and pestle (in air). Then
the powders were mixed by a GlenMills® Turbula T2F shaker-mixer for 10 minutes.
Same SPS program, used in last section for YSZ work, was used to densify these
samples.
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4.5

NaBH4 addition to MA SiGe Alloys
The purpose of adding NaBH4 to Ball milled SiGe alloys is to reduce

, and

keep the enhancement of the PF. Same raw materials used in above section were used
for mechanical alloying. Small grain size powders were selected, specifically,
crystalline/amorphous 1–20-μm silicon powder (99·9985% Alfa Aesar®) and
germanium powder −100 mesh (Alfa Aesar® 99·999%) to produce the SPSed
samples. The powders were loaded into a milling jar inside a gloves box, to avoid the
oxidation. They were then ball milled for 12 hours to refine the grains of powders.
The ball milled powder then divided into 5 batches.

samples were fabricated

with sodium boron hydride (NaBH4) and boron. The powders were weighed out in
stoichiometric amounts of Si80Ge20(NaBH4)x and Si80Ge20 B1.7-y(NaBH4)y, where x =
0.7, 1.7 and 2.7, and y = 0.2 and 0.7, then lightly mixed in a mortar and pestle (in air).
The samples were sintered using the same SPS program mentioned in the two
preceding sections, and characterized regarding their thermoelectric properties.
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Chapter 5
Impact of YSZ Nanoinclusions on the Thermoelectric Transport of ntype Si80Ge20 Alloys
N-type and p-type thermoelectric SiGe alloys attain dimensionless figure of
merit, ZT ≈ 1.1 and ZT ≈ 0.65 respectively.[49,50] To further improve their
performance, nanocompositing is turned out to be an effective may. Actually
nanocomposites have become a new paradigm for thermoelectric research in recent
years and have resulted in the reduction of lattice thermal conductivity via the nanoinclusions and grain boundary phonon scattering. [57] In 2008, Mingo et al.
theoretically proposed that adding silicide nanoparticles into Si-Ge matrix could
strongly reduce the thermal conductivity of a composite.[57] The lattice thermal
conductivity will be lower if the additional scattering effect of dopants is included, the
higher the nanoparticle volume fraction, the lower the lattice thermal conductivity.
Due to phonons scattering by grain boundaries, reducing the grain size below the
calculated phonon mean-free-path value leads to a reduced phonon mean-free-path
and consequently a reduction in the lattice thermal conductivity. Building on this
argument, theoretical predictions have been made of grain-size-dependent reductions
in the thermal conductivity in nanocrystalline materials such as YSZ.[82] A model was
introduced to describe the thermal conductivity of YSZ included SiGe alloys as a
function of temperature.[82] This model considered the reduction in the intrinsic
thermal conductivity due to scattering of phonons by point defects and by the
“hopping” of oxygen vacancies.[83] The model also considered an increase in the
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effective thermal conductivity at high temperatures due to radiation loss and was
found to capture the essential features of the observed thermal conductivity.

5.1 YSZ Nanoparticle Inclusion to n-type SiGe
The most straightforward method to include nano-structures into a bulk SiGe
matrix is by direct mechanical mixing of nano-particles with the SiGe alloy. This
process when combined with MA has been shown successful by other
researchers.[58,59] Instead of concerning with the delicate selection of a privileged
nano-particle, the rapid SE SPS synthesis process enables experimental investigation
of many available nano-structures.[68] Choosing the proper nano-particles to include
to the mixture is essential. Our choice of a nano-particle for inclusion by direct
mixing into a SiGe lattice would be YSZ. The YSZ material is cubic lattice and has a
lattice constant of 0.512 nm compared to Si80Ge20 whose lattice constant is 0.548 nm.
Such a large lattice constant mismatch facilitates the phonon scattering occurs at grain
boundaries. YSZ also happens to have a large Seebeck value of at least 400 μV/K and
low thermal conductivity value of 1.34 Wm-1K-1.[84]

5.1.1 Crystal Structure and Microstructure
A preliminary study was conducted on 2 vol. % of YSZ inclusions via mixing in
Si80Ge20P2, in reference to one sample without inclusion.[68] It observed that YSZ
inclusion to p-type SiGe reduces the lattice thermal conductivity and enhancing the
Seebeck coefficient of the alloy. Therefore adding more YSZ nanoparticles thought to
make more reduction in

and in at the same time increases α. 10 vol. % of YSZ

added to Si80Ge20P2 and characterized upon its thermoelectric properties. Therefore,
we interest, in this part of our investigation, in only the pristine sample and SiGe10YSZ. This work was part of a collaborative work with the University of Virginia
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(UVA) and NanoSonic Inc. supported by the Department of Energy (DOE). It is very
important to investigate the structure and grain size of nano-inclusion as well as ball
milled Si80Ge20P2 powder before and after the SPS process. Both the Si80Ge20 samples
on which transport properties were measured achieved at least 96% of the theoretical
density, 3·0 g/cm3 for pure sample without YSZ and 3.24 g/cm3 for the sample with
YSZ. The samples were characterized by X-ray diffraction (XRD) (see Fig. 5.1) and
energy dispersive X-ray spectroscopy (EDX) using a Rigaku® Miniflex and Hitachi®
S-3400N equipped with an Oxford® X-act, respectively. The phase purity was
checked before and after SPS for all the samples. The lattice constants for the pure
sample without YSZ was determined using the (111) and (220) peaks in the context of
Bragg’s law. The YSZ peak was observed in the sample with YSZ at 2θ = 24o, 30.5o,
50.7o and 60.5o (the peaks marked with * in Fig. 5.1).[85]
Figure 5.2 shows the TEM image of the YSZ nano-particle grain size before
SPS. The average grain size of the YSZ nano-particles is ~ 40 nm. TEM images for the
samples with and without YSZ, after SPS, are shown in Fig. 5.3 and Fig. 5.4
respectively. According to TEM images (Fig. 5.4), the average grain size L of the
pristine sample is 0.20 - 0.40 ½¾.
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Figure 5.1: XRD patterns of the Si80Ge20P2 and Si80Ge20P2 + YSZ samples.

Figure 5.2 TEM for the YSZ powder shows the grain size before SPS.
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Figure 5.3 TEM for the sample with 10 vol. % YSZ shows YSZ particles
in the alloy after SPS.

Figure 5.4 TEM for the pure sample (without YSZ) shows the grain size.
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5.1.2 Electrical Transport Property Measurements
The major concern with the YSZ inclusions is that they substantially increase the
electrical resistivity. The higher resistivity of the sample with YSZ is due to the fact
that YSZ is an electrical insulator and the increased grain boundary density. The
electrical resistivity ρ of both the samples show metallic behavior, with ρ decreasing
with decreasing temperature. The data from a radioisotope thermoelectric generator
(RTG) used for NASA space mission with a typical grain size of 1–10 μm is also
included as a reference in all the figures.[86] The electrical resistivity of the pristine
sample is comparable to the NASA RTG sample but for the sample with YSZ the ρ
increased (Fig. 5.5a). The promise of this work turns out not to be large reduction in
the lattice thermal conductivity but in quantifiable increases in Seebeck. Figure 5.5b
shows the temperature-dependent Seebeck coefficient. The Seebeck coefficient of the
pristine sample is similar to that of the reference sample below 400 K. Whereas for
the SiGe-10YSZ sample the Seebeck coefficient is still n-type (α=150 μV/K at 300K),
and it is higher than both the reference and the pristine sample. This increasing of
Seebeck can most likely be attributed to the large Seebeck value of YSZ (400
μV/K).[86,87]
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Figure 5.5 (a) The electrical resistivity, (b) Seebeck coefficient of the Si80Ge20P2 and
Si20Ge20P2 + YSZ samples compared to data from the NASA RTG Si20Ge20P2 samples.
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5.1.3 Thermal Transport and Lattice Thermal Conductivity
As mentioned early in the introduction of this chapter, nano-particles would
significantly reduce the lattice thermal conductivity of SiGe.[57] From the measured
electrical resistivity of both samples [Fig. 5.5a], the electronic contribution to the
1

thermal conductivity
1 =L0σT,

can be estimated using the Wiedemann–Franz relation,

with the Lorenz number, L0=2.4×10-8

W Ω/K2, σ the electrical

conductivity. The lattice thermal conductivity ( ) was obtained by applying the
formula

=

‘

•

–

1

. In addition Maxwell-Eucken formula was used to find the

effective electrical resistivity used in the Wiedemann–Franz relationship.[88] The
corrected lattice thermal conductivity changed very little (by only a few percent)
because the composite with 10 vol % YSZ exhibits a relatively poor electrical
conductivity and thus the total thermal conductivity is overwhelmingly dominated by
the lattice component. Furthermore, this correction does not affect ZT because it is
calculated using the total electrical resistivity and the total thermal conductivity. For
the reference sample, we obtain

1=

0.77 W/m-K at room temperature with an

electrical conductivity σ =1.95×105 S/m, whereas for a nanostructured dense bulk
sample without YSZ

1

= 0.57 W/m K at room temperature for σ = 0.95×105 S/m. By

subtracting the electronic contribution
lattice thermal conductivity

1

from the total thermal conductivity κ, the

of the nano-structured sample without YSZ is ~ 2.8

W/m-K at room temperature, which is about 25% less of that for the reference sample
(

~ 3.80 W/m-K). For the sample with YSZ we obtain

with σ=0.17×105 S/m and

1

= 0.10 W/m-K at 300 K

= 2.20 W/m-K, which is about 50% reduction and is

mainly due to a stronger boundary phonon scattering in the nanostructured samples.
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The main benefit of using a nano-inclusion and nanostructured SiGe for higher
thermoelectric performance is related to the difference in the mean free path of
electrons and phonons: about 5 nm for electrons and 2–300 nm for phonons in highlydoped samples at room temperature.[78] Thus, nanostructures can markedly reduce
the phonon thermal conductivity without significantly degrading the electrical
conductivity. The temperature dependent total and lattice thermal conductivity of all
the samples are shown in Fig. 5.6a and 5.6b respectively.
The thermal conductivity is reduced as expected. This reduction, in pristine
sample comparing to NASA RTG, is mainly due to an enhanced phonon scattering
due to the increased boundaries of the refined grains (Fig. 5.4). The reduction of the
thermal conductivity in the pristine sample is attained by the ball milling process, but
the reduction in the other sample attained, in addition to ball milling, because of the
YSZ addition to the host matrix leads to extra grain boundary scattering (Fig. 5.2 and
5.3).
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Figure 5.6 (a) The total thermal conductivity of
and
+
10%
between 20-800K compared to NASA RTG, (b) The lattice thermal
conductivity of
and
+ 10%
compared to NASA RTG
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5.1.4 Modeling the Lattice Thermal Conductivity
The temperature dependence of lattice thermal conductivity behavior observed in
a perfect crystal exhibits a well-defined peak. Since SiGe has 8 atoms per unit cell, so
there will be 3 acoustic phonon modes and 31 optical phonon modes. The optical
modes can conduct heat as long as the group velocity is not zero (Fig. 5.).

Figure 5.7 Phonon dispersion and density of state of Si (left) and Ge (right).[89]
Apparently, the acoustic phonons are more dispersive than the optical ones, and as a
rough estimate, the low energy optical modes are in an energy range of 7-16 TeraHerz
(i.e., 29-62 meV at 350 – 744 K), so the optical modes are less extensively excited
than the acoustic modes. There are a few high energy optical modes are hard to excite
so hardly take part in heat transport. Hence the Callaway model should work quite
well in the vicinity of room temperature and below, however, a deviation is expected
at elevated temperatures.[89] As mentioned in section 2.4, temperature dependent
lattice thermal conductivity curve of Si80Ge20 follows the usual trend derived by the
Debye-Callaway models. Recalling Eq. 1.20 and re-writing it in terms of inverse
relaxation time, we model the lattice thermal conductivity,

. According to Callaway

[15,90], we used this equation to interpret the lattice thermal conductivity behavior.
P6
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(5.1)
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where n

ћ] ⁄rs ,

J (n)

is the total relaxation rate, and tm

ћ]m ⁄rs Debye

temperature. All the symbols definitions and constants can be found in appendix B.
We made the following assumptions: (1) A Debye spectrum is assumed for the
phonons. Thus, effects due to anisotropy and non-linear dispersion are neglected. (2)
It is assumed that all phonon scattering processes except boundary scattering can be
represented by frequency-dependent relaxation times. (3) We shall assume the
additivity of the reciprocal relaxation times following Matthiessen’s rule. The total
relaxation time is a sum of that of the Umklapp process (U), alloy disorder “point
defect” (PD), and boundary scattering (B).[15] The different scattering processes (that
shaping the temperature dependent of the lattice part of thermal conductivity) in terms
of the inverse relaxation times, for the sample pristine, building on Eq. 1.24, are
represented by Eq. 5.2.
¥ J (n)©
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(5.2)

The U-process contribution is described by [15,90]
Q0
Á

²0 ]

Qqh ⁄

(5.3)

Parameters ²0 and tm for bulk Si and Ge were obtained by fitting the experimental

thermal conductivity of bulk crystals,[15] where ²0

parameter, ½ the shear modulus (½

51.0

atom, and ]m the Debye frequency (]m

cÂc 56
ÃÄfÅh

, Æ is the Gruneisen

10.85È) [91], É F the volume per each

Êh 56
~

).[92]

Abeles considered that the point defect contribution from the Si and Ge atoms in
the context of the effective medium approach.[93] He calculated the Rayleigh
scattering rate of a Si or Ge atom for the atom embedded in an effective medium with
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properties averaged between those of pure Si and Ge, according to their relative
volume fractions in the alloy.[57] This yields
È(1

Q0
•m

where ®

È)®]°

(5.4)
c

Ë 3Ë
b Ì…Ë Íx g Î f

°de f

, and Ï

(1

È)Ï-Ð + ÈÏÑ1 .

Alloy disorder scattering goes to zero for the pure Si or pure Ge cases. This approach
properly reproduces the composition dependence of the thermal conductivity of Si-Ge
alloys at 300 K and above.[94]
The boundary scattering is represented as
(

e

Q0
s)

(5.5)

where L is the grain size.
According to Mingo,[57] the contribution of the nanoparticles was added to the
frequency dependent mean free path for the sample with YSZ, using a Mathiessen type
interpolation between the long and short wavelength scattering regimes (Eq.
5.6).[57,94 ,95]
¥

Q0
‚i ©

@Ò(ƒ¯ )Q0 + (ƒ• )Q0 ÓQ0 ª‚i

(5.6)

where ª‚i is the density of nanoparticles, and the cross section limits σs and σl are
given by:[57,91,96]
ƒ¯
ƒ•

2a¡

(5.7)

°

a¡ (∆¹ ⁄¹) (]¡ ⁄@ )°
Ô

(5.8)

where ΔD is the difference between the density of YSZ and the host matrix SiGe, and
D is the density of host matrix SiGe. The long wavelength limit is three times the
Rayleigh expression (because there are three polarization branches), and the short
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wavelength limit scattering cross section is two times the geometrical cross
section.[96]
The total relaxation time, for the sample with YSZ, becomes
¥ J (n)©
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At high temperature T> 300 K we are in the region of temperature greater than
the Debye temperature for Si-Ge that calculated from, tm = 640-266y.[91] As
discussed by Slack et al. we consider the relaxation times
5.3 and 5.4), also at high temperatures we can neglect

s

Á

and

•m

given in (Eqs.

in (Eq. 5.2). The exponential

factor in (Eq. 5.3) disappears to make the constant of

Á

temperature-

independent.[15] Thus at higher temperatures > 300 K the relaxation times for the
pure sample (Eq. 5.2) becomes
(
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(5.10)

and for the samples with YSZ (Eq. 5.9) becomes
(

i

)Q0
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In the region where

(5.11)

> tm the quantity x in (Eq. 5.1) is small, and the integral

simplifies to Eq. 5.12.[15]
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At low temperature (below 300 K), we used (Eq. 5.1) and (Eq. 5.2) to model the
lattice thermal conductivity of the pure sample (without YSZ). The phonon scattering
parameters due to point defect, Umklapp and nano-particle scattering were used as
initial guesses for fitting the experimental lattice thermal conductivity over the whole
temperature range. The modeled and the fitting parameters are listed in Table 5.1 for
both Si80Ge20, with and without the YSZ nano-particles. The shear modulus was
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calculated from ½
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10.85È.[91] The velocity of sound was calculated from

,[34] where @ is the transverse velocity and @

ÛÜhoo , @

ÛÜhÀÀ , G°°

79.6

12.8È, G00

165.8

longitudinal
37.3È .[91]

For derivation of velocity of sound, v, see appendix 3. The volume around one
atom É F
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computed
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(2.8288 ® )F È .[97]

formula
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According to TEM images (Fig. 5.4), the grain size L of the pure sample is 0.20 0.40 ½¾. In our model, the fitting grain size is about 0.33 ½¾. The Grüneisen
parameter, γ, describes the effect that changing the volume of a crystal lattice has on
its vibrational properties, and, as a consequence, the effect that changing temperature
has on the size or dynamics of the lattice. The Gruneisen parameter γ equals ~ 2 for
most of the materials, therefore we chose it to be γ = 2 at low and high
temperatures.[15] Typically, the Gruneisen parameter γ equals ~ 0.1 -1 for most
materials but the larger value of 2 would be expected for the strongly covalently
bonded SiGe system.
At high temperature (above 300 K), (Eq. 5.10) and (Eq. 5.12) were used to
calculate the lattice thermal conductivity of the pure sample. The simulation of the
model is in a good agreement with the experimental results for both low and high
temperature parts as shown in Fig. 5.7.
For the samples with YSZ, we used (Eq. 5.1) and (Eq. 5.9) to calculate the lattice
thermal conductivity at low temperature, and (Eq. 5.11) and (Eq. 5.12) for high
temperature part. All the estimated fitting parameters are shown in the second row of
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Table 5.1. Considering Fig. 5.6b, because of the Debye temperature of YSZ
(~645K),[98] the peaks of the sample with YSZ were shifted up, indicating that the
“effective” Debye temperature increased, therefore the “effective” velocity of sound
will increase.[99] Same grain size of the pure sample was used for the sample with
YSZ.
The average radius R of the cross section at (Eq. 5.7) and (Eq. 5.8) for the grain
size of the YSZ nanoparticles is 20 nm (as shown in Fig. 5.2 and 5.3). To get the
number density of the nanoparticles, we assumed the YSZ nanoparticles as small
spherical particles and we chose R as the radius of one grain. We can then find the
volume of one grain of the YSZ nanoparticles. The volume percent of the YSZ in the
matrix was found by converting it from the molar fraction to the volume fraction. The
number of the YSZ particles then was calculated by dividing the volume percent in the
matrix by the volume of one grain. The calculated density of YSZ nanoparticles is
close to the fitting numbers. All the constants used in the model exist in appendix 4.
SiGe used for high temperature performance therefore we are interested in the
region above 100K. The model is in a good agreement with the experimental data
above 100 K for both the sample without YSZ and with 10% YSZ as shown in Fig. 5.7.
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Table 5.1 Parameters used in Callaway’s model, where A and B1 are point defect and
Umklapp scattering parameters, v is the mean velocity of sound, tm is the Debye

temperature, ½ is shear modulus, Æ is Gruneisen parameter and ª‚i is the density of

state of YSZ nanoparticles.

Sample

Si80Ge20P2

A

B1

V

ΘD

μ

m/s

K

GPa

Γ

1.38×10-41

1.05×10-17

5515

587

46

2

1.34×10-41

1.41×10-17

5600

596

27

2

ρnp cal.

ρnp fitt.

n/a

n/a

1.1×1022

8.0×1021

Si80Ge20P2
+ YSZ
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Figure 5.8 The simulation of the model with the experimental data (the continuous
line is the model simulation and the symbols represent the experimental data) for the
Si20Ge20P2 and Si20Ge20P2-YSZ samples.
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5.1.5 Dimensionless Figure of Merit
Dimensionless Figure of Merit, ZT, was calculated from the ratio between the
power factor (PF = α2T/ρ) and the total thermal conductivity, κ. We choose to defibne
the PF = α2T/ρ because then it will have units of W/m-K in SI units, the same as
thermal conductivity. The enhancement of the dimensionless thermoelectric figure of
merit (ZT) (in the pristine sample without YSZ- Figure 5.8) comes mainly from a
significant reduction in the lattice thermal conductivity caused by the enhanced
phonon scattering of the increased density of grain-refined boundaries. On the other
hand, for the sample with YSZ, even though a reduction in the lattice thermal
conductivity occurred, there is no enhancement in ZT because of the higher resistivity
that degrades the power factor.

0.8
Si80Ge20P2

0.7
0.6

Si80Ge20P2 + 10% YSZ
NASA RTG
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Figure 5.9 The figure of merit, ZT, of the Si20Ge20P2 and YSZ - Si20Ge20P2 samples
and the comparison to data from the NASA RTG Si20Ge20P2 samples.
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5.2 Effects of Modified YSZ nanoparticles on n-type Si80Ge20 Alloys
Since the grain size of the nanoparticles plays the crucial key of reducing lattice
thermal conductivity due increased phonon scattering, YSZ grains were modified (at
NanoSonic®) to be less than 30 nm as shown in Fig.5.9. The modified YSZ added to
the ball milled powder with same percentages used in the previous work in section
5.1. Si80 Ge20 P2 nanopowders were ball milled for 5hrs, then mixed with 2%,5% and
10% (molecular percentage) modified YSZ nanopowders made by NanoSonic.
Same SPS process and program (section 5.1) was used to densify these new samples
then characterized upon their thermoelectric properties.

Figure 5.10 Shows the grain size of the modified YSZ nanoparticles.
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Once again, the Seebeck coefficient is the main beneficial of modified YSZ
inclusion, and the increased electrical resistivity is the concern, Fig. 5.10 and 5.11.

Figure 5.11 Seebeck Coefficient of as-prepared samples with YSZ.
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Figure 5.12 Electrical resistivity of as-prepared samples with YSZ increased as YSZ
increased.
The lattice thermal conductivity after adding modified YSZ somehow increases,
which doesn’t agree with our expectation and standard YSZ work. Figure 5.12 and
5.13 show the total thermal conductivity and lattice thermal conductivity of asdensified samples treated with modified YSZ.
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Figure 5.13 Total thermal conductivity of as-prepared samples with YSZ.

Figure 5.14 Lattice thermal conductivity of as-prepared samples with YSZ.
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Even though there is a reduction in

the ZT has not enhance because of the higher

electrical resistivity that degraded the PF as shown in Fig. 5.14.

Figure 5.15 Power factor of as-prepared samples with YSZ.
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5.3 Core Shell treatments
The alloying method, MA, was also used to investigate manipulating the lattice
thermal conductivity via core shell. This work also was part of a collaborative work
with the University of Virginia (UVA) and NanoSonic Inc. supported by the
Department of Energy (DOE). The first experiment involved including 2 vol. % YSZ
core shell nanoparticles into a MA p-type SiGe bulk material. The YSZ core shell
nanoparticles were prepared and the core shell process formulated by NanoSonic Inc.
and UVA provided the MA p-type SiGe powder. The powders were sent to CAML
where the materials were consolidated by the SPS and then characterized. This initial
work was conducted by Thompson, and was a part of his Ph.D. thesis.[68]
In this thesis, this work was continued and elaborated upon with different
percentages of YSZ coating. The p-type of the ball milled powder was sent to
NanoSonic for the core shell process with different thicknesses (namely, 2 vol.%, 4
vol % and 6 vol. % YSZ). Same SPS program and process that used for direct mixing
in sections 4.2 and 5.1 was used here to consolidate the core-shelled samples. Once
again YSZ is a promising material due to its crystal structure and Seebeck coefficient
(section 5.1.2, chapter 5). Figs. 5.9 and 5.10 show that YSZ coatings are capable of
greatly reducing the thermal conductivity especially the

. These coatings are

applied directly onto MA p-type SiGe. The only concern about the YSZ core shell is
that these coatings are too thick leading to degraded electrical conductivity (Fig.
5.11). This thickness issue is easily realized by examining the sample’s density
because YSZ is twice (6 g/cm3) as dense as SiGe (3 g/cm3). However, the Seebeck
coefficient enhanced as expected because of the high Seebeck coefficient the YSZ that
has, Fig. 5.12.
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Figure 5.16 Shows the total thermal conductivity of the core shelled p-type Si80Ge20
alloys with different thicknesses.
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Figure 5.17 The lattice thermal conductivity of the core shelled p-type Si80Ge20 alloys
with different thicknesses.
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Figure 5.18 The electrical resistivity of core shelled SiGe with different thicknesses.
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Figure 5.19 Shows the enhancement in Seebeck coefficient of the as-pressed core
shelled p-type SiGe.
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There is of course the tradeoff that core shell-YSZ coating increased the
resistivity of the samples. So even though the core shell-YSZ coating is beneficial to
both the lattice thermal conductivity and the Seebeck coefficient, the increased
resistivity leads to a lower power factor as shown in Fig. 5.13. No enhancement in ZT
is observed.
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Figure 5.20 Reduction of core shelled p-type SiGe power factor is attributed to the
increased resistivity.
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Chapter 6
Impact of NaBH4 the Thermoelectric Properties of Si80Ge20
Different dopants, including P, Ga, B, GaP, In, Sb and InSb, were used to
optimize the thermoelectric properties of Si80Ge20.[100] GaP inclusion, thought to
reduce the thermal conductivity, is believed to act as a dopant.[101] Most of the
previous efforts focused on reducing the lattice thermal conductivity. However,
optimizing the thermoelectric power factor PF remains a challenge and a must do
towards high ZT. To this end, a delta function-shaped differential conductivity as a
function of energy leads to enhancement of PF was showed by Mohan and Sofo.[102]
Such a delta function can come from the density of state or from the relaxation time of
the carriers.[103] Optimizing the density of states was also discussed in many
semiconductors and molecular thermoelectrics.[104] Bergman and Fel in 1999
showed that the PF can sometimes be enhanced by making a composite mixture of
two materials and is always achieved in parallel slabs microstructure with definite
volume fractions, also usually attainable in coated spheres assemblage.[105] The
power factor, PF, of p-type Si80Ge20B1.5 was improved by 40% using the modulationdoping approach, and this was achieved by using a 30% volume fraction of boron
doped silicon nanoparticles in the intrinsic silicon germanium host matrix to make
(Si80ge20)0.7(Si100B5)0.3 composition.[106] In 2008 Ji et al. reported a proof-ofprinciple study on grain boundary engineering in the polycrystalline p-type Bi2Te3
system via an alkali metal salt hydrothermal nanocoating treatment approach.[107]
This method was utilized to coat the grains with a thin layer of alkali-metal-salt. This
layer became part of grain boundary phase upon hot pressing densification, which
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hence led to helping build up a favored grain boundary layer. Consequently, 30%
improvement in ZT compared with the bulk reference. One year after a similar
approach has proved very effective in the Pbo.75Sn0.25Te system with an improvement
in the maximum ZT by 40% compared to the reference.[108] The thermoelectric
figure of merit ZT is the ratio of power factor to thermal conductivity, where the PF
concerns the electrical properties and

is a measure of the thermal transport

properties. Thus, to enhance the ZT, we need an enhancement of the PF or a reduction
of . Many times it is observed that it is a trade of, with the decreasing in thermal
conductivity more than negated by a reduction in the PF. Our approaches in this
chapter is: (i) minimizing the electrical resistivity of SE SPSed Si80Ge20 alloys via
adding sodium boron hydride (NaBH4) alkali-metal-salt which thought to retain the
Seebeck coefficient, consequently, enhancing the PF. (ii) reducing the thermal
conductivity and enhancing the PF as well as ZT of Si80Ge20 alloys via treating MA
SiGe alloys with sodium boron hydride (NaBH4) in the hopes that NaBH4 reduces the
electrical resistivityª, without degrading much both the Seebeck coefficient and
thermal conductivity. In parallel the ball milling process plays the crucial main factor
of reducing the thermal conductivity.

6.1 Direct NaBH4 Treatment of SE SPSed Si80Ge20 Alloys
In 1949, Ioffe showed that the semiconductors could maximize the PF due to
their carrier concentration and consequently the ZT.[18] Enhancing the power factor
usually depends on increased density of state. The optimizing density of states was
discussed in many semiconductors and thermoelectrics.[104] Here, we investigate the
thermoelectric properties of p-type Si80Ge20 alloys through adding a novel alkali-
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metal-salt directly to SPSed single element Si-Ge alloys with different ratios of the
boron and NaBH4 that thought to enhance the carrier concentration and hence leads to
decreasing in the electrical resistivity with a small degrading in the Seebeck
coefficient, consequently, enhancing the power factor.

6.1.1

Decomposition of NaBH4

Sodium tetrahydroborate (NaBH4), shortly called sodium borohydride, is widely
used as a reducing agent in industrial and laboratory applications.[109] NaBH4 has a
high potential to be used as a synthetic fuel either in a direct borohydride fuel cell
[110] or as a hydrogen storage material for mobile applications [111,112] because of
its large volumetric and gravimetric hydrogen content.[113,114] Desorption
temperatures for NaBH4 reported in the literature range from 400 to 595
°C.[115,116,117,118,119] The formation of NaBH4 (with a cubic lattice parameter of
6.1 Ao) is a reaction between the pure phase of solid Na (bcc), solid

-B

(rhombohedral), and hydrogen gas, according to the following reaction, Eq. 6.1.[111]
'à(á)

ââ

+

²(á)ã + 2ä (#) → 'à²ä° âæ

(6.1)

In a general way, the thermal decomposition follows Eq. 6.2:[111]
'à²ä° → ∑Ð á·H .Ð ('à, ², ä) + ∑ç #àáç (², ä)

(6.2)

where the solid residue can be formed as elemental Na and B, or as binary phases,
e.g., Na-B such as Na2B29, Na2B30 , Na3B20 or Na-H, or as a ternary phase, Na-B-H. In
2010, Pascal Martelli et al analyzed XRD patterns by quantitative phase analysis
using either the known structural data for NaBH4,[120] Na,[121,122] and
NaH[123,124] or first-principles optimized structures, as reported in appendix
D.[111]
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Based on this argument, and the fact that the milting temperature and thermal
decomposition of NaBH4 is in the range of 400 oC and 600 0C to 700 oC
respectively,[111] NaBH4, at SPS process (max SPS temp. 1020 oC), can decompose
to Na, B and hydrogen gas then dope into Si-Ge. Also NaBH4 can decompose, in
addition to Na and B, to boron rich sodium phase (Na2B29, Na2B30 or Na3B20). These
solid residues, because of larger lattice parameter (10.240, 8.230, 5.755 oA) than SiGe
(5.43 oA), is expected to randomly impeded in or coat the boundaries of SiGe grains.

6.1.2

Microstructure of SE SPSed Si80Ge20 Alloys Treated with

NaBH4
Same materials in table 4.2 were used to prepare the samples. Commercial
crystalline/amorphous 1–20-μm silicon powder (99·9985% Alfa Aesar) and
germanium powder −100 mesh (Alfa Aesar 99·999%) were chosen to produce the
SPSed samples. The ratio of Si/Ge is 80/20, i.e., Si80Ge20. Thermoelectrically
interesting doped

samples were fabricated with boron amorphous/crystalline

powder -325 mesh and sodium boron hydride alkali-metal-salt (all from 99% Alfa
Aesar). The powders were weighed out in stoichiometric amounts of Si80Ge20
(NaBH4)x and Si80Ge20B1.7-y (NaBH4)y , where x = 0.7, 1.0 and 1.7 and y=0.2, 0.7 and
1.0, then lightly mixing them in a mortar and pestle (in air), then mixed in a 3D mixer.
The samples were sintered by Dr. Sinter SPS-515S (Fuji Electronic Industrial Co.)
and characterized regarding their thermoelectric properties using the same program
used for SPS YSZ samples. After SPSing, the densities of the as-prepared samples
were measured by the Archimedes method. All the densified pellets bear very close
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packing theoretical density of 2·99 ± 0.10 g/cm3. The samples were characterized by
X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDX) using a
Rigaku Miniflex and Hitachi S-3400N equipped with an Oxford X-act®. Phase purity
checked before and after SPS for all the samples. Lattice constants were determined
using the (111) and (220) peaks along with Bragg’s law. Figure 6.1a shows the XRD
pattern of the doped Si80Ge20 alloys, before and after annealing, after SPS. It shows
that the samples, before annealing, are not homogenous, therefore the samples were
annealed in evacuated tubes for two days at 1100K. Extra small peaks observed in the
XRD pattern that we will explain them in section 6.2. The fracture surfaces of etch
SPSed samples were inspected on a Hitachi S-4800N field-emission scanning electron
microscope (SEM) with an energy dispersive X-ray spectroscopy (EDX) option
inspecting the composition. In order to make the grains of sinter SiGe samples visible
in the SEM, it is necessary to etch their surfaces. This was performed by placing a 4:1
ratio of water to hydrofluoric acid on the polished surface of samples for
approximately 5 minutes. The grain size can be taken as a simple average from SEM
images (Fig. 6.1b). The SE SPS samples started powders are Si ranging from 1-20 μm
and Ge of ≈44 μm, therefore, it is not surprising that grains ranging from 1-40 μm are
found in the SE SPS sample.
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Figure 6.1 (a) XRD patterns before and after annealing. (b) SEM image shows the
grain size.
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6.1.3

Electrical Properties of SE SPS Si80Ge20 Alloys Treated with

NaBH4
Figures 6.2-4 show the temperature dependence of the electrical resistivity,
Seebeck coefficient, and power factor

/ª, respectively, of the as-prepared dense

bulk Si80Ge20 samples (volume mass density 2.91 g/cm3 measured by Archimedes
technique) in comparison to a p-type SiGe bulk alloy sample used in RTGs for space
power missions.[125] It is obvious from Figures 6.2-4 that a considerable reduction in
the electrical resistivity ª for the structured samples occurred. The carrier
concentrations for both types of RTG samples are almost the same (~2.20 ×

10 B¾QF ).[126] The carrier concentration of p-type is in the range of 0.98×1020 cm-3
to 1.72×1020 cm-3,[127] indicating that the reduction in the electrical resistivity is
attributed to an increasing in the carrier concentration, especially for Si80Ge20
(NaBH4)1.7 and Si80Ge20B1.5(NaBH4)0.2 samples. Comparing to the RTG reference the
Seebeck coefficient of all the samples is reduced and it is between 165 μV/K and 185
μV/K at 1100 K. To help illustrate the observed change in the electrical resistivity and
Seebeck coefficient, we performed a Hall coefficient measurement on all the samples
at 300 K. The calculated carrier concentration and Hall mobility data are listed in
Table 6.1. Hall coefficient and Seebeck coefficient show that all the samples are ptype. More important, the power factor of the samples doped with (NaBH4)1.7 and B1.5
(NaBH4)0.2 is much greater than that of RTG sample (~2.80 W/(m-K) at 1100K) and
it is attributed to increasing of the carrier concentration and electron mobility. The
other samples PF is comparable to RTG samples.
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Figure 6.2 Shows the electrical resistivity of as-prepared samples. It is obvious
NaBH4 makes enormous reduction in electrical resistivity.
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Figure 6.3 Shows the Seebeck Coefficient of all the prepared samples.
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Figure 6.4 Shows the power factor of all the samples. Considerable enhancement in
the power factor was achieved.
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Table 6.1 The electrical Transport Parameters of as-densified samples at 300 K.

Sample

n (× 1020 cm-3)

μH (cm2 V-1 s-1) α (μV K-1) ρ (mΩ cm)

Published

1.67[118]

32.80[118]

117[118]

1.14[118]

Si80Ge20(NaBH4)0.7

3.15

29.18
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0.68

Si80Ge20(NaBH4)1

3.31

32.00

77

0.59

Si80Ge20(NaBH4)1.7

4.34

36.00

74

0.40

Si80Ge20B1.5(NaBH4)0.2

4.25

33.42

75

0.44

Si80Ge20B1(NaBH4)0.7

2.50

34.25

96

0.73

Si80Ge20B0.7(NaBH4)1

2.91

34.09

83

0.63
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6.1.4

Thermal Transport properties of SE SPS Si80Ge20 Alloys

Treated with NaBH4
The

thermal

conductivity

of

the

structured

Si80Ge20(NaBH4)1.7

and

Si80Ge20B1.5(NaBH4)0.2 bulk samples is much higher than that of the RTG sample
(Figure 6.5) over the whole temperature range up to 1100 K (from 6.50 W/m-K at
room temperature to 5.20 W/m-K at 1100K) and it is attributed to increased electronic
thermal conductivity,
conductivity

1

(Fig. 6.6), meanwhile, the lattice part of the thermal

is comparable to RTG sample (see Fig. 6.7). The total thermal

conductivity of the other samples is comparable to RTG samples except small
increasing above 700 K. Also, a reduction in

and increasing in

1

occurred in all

the other samples.

Figure 6.5 Total thermal conductivity of all the samples treated with NaBH4.
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Figure 6.6 Shows the electronic contribution of thermal conductivity for SE SPSed
Si80Ge20 alloys treated with NaBH4.

Figure 6.7 Shows the lattice contribution of thermal conductivity for SE SPSed
Si80Ge20 alloys treated with NaBH4.
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6.1.5 Figure of Merit of SE SPSed Si80Ge20 treated with NaBH4
The SE SPS method is a viable alternative to traditional alloying synthesis SiGe.
The thermoelectric dimensionless figure of merit, ZT, is calculated for of the p-type
SiGe materials treated with NaBH4. It observed that the thermoelectric dimensionless
figure of merit ZT of Si80Ge20(NaBH4)1.7 and Si80Ge20B1.5(NaBH4)0.2

samples

increased with about 10% (0.56 at 1100K) comparing to the reference (Fig. 6.8). This
enhancement in ZT is most likely attributed to the increased power factor. Even
though there is significant enhancement in the power factor, ZT did not increase so
much because of the increasing of the thermal conductivity. The other sample’s ZT
thus rivals that of the RTG reference sample.

Figure 6.8 Temperature dependence of ZT of all SPSed nanostructured dense bulk
Si80Ge20(NaBH4)x , (x = 0.7, 1.0, and 1.7), and Si80Ge20B1.7-y(NaBH4)y , ( y= 0.2 ,0.7
and 1.0) alloy samples compared with the p-type SiGe bulk alloy used in RTGs for
space power missions.
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6.2 Impact of NaBH4 on Mechanical Alloyed Si80Ge20
In the previous sections we reported an investigation about impact of NaBH4
alkali metal salt on single element spark plasma sintered Si80Ge20. Significant
enhancement in PF due to increasing of carrier concentration was observed.
Unfortunately even though an enhancement in power factor was achieved, the
increased of thermal conductivity degrades the large enhancement of ZT and keeps it
rival to NASA RTG. In this section we investigate impact of NaBH4 on ball milled
Si80Ge20 alloys prepared by spark plasma sintering. Grain refining via ball milling
process can reduce the thermal conductivity without degrading the electrical
properties of the materials. Therefore, reducing the thermal conductivity and retaining
the enhancement of power factor of the previous work (SE SPS) thought to lead to
optimizing the desired ZT.

6.2.1 Microstructures of Ball milled Si80Ge20 Treated with NaBH4
Once again same materials in table 4.2 were used to prepare the desired samples.
To avoid the oxidation, the powders were loaded into a milling jar inside a gloves
box. They then ball milled for 12 hours to refine the grains of the powders. The ball
milled powder then divided into 5 batches. Thermoelectrically interesting doped
samples were fabricated with sodium boron hydride (NaBH4) and boron.
The powders were weighed out in stoichiometric amounts of Si80Ge20(NaBH4)x and
Si80Ge20 B1.7-y(NaBH4)y, where x = 0.7, 1.7 and 2.7, and y = 0.2 and 0.7. The samples
were sintered by Dr. Sinter SPS-515S (Fuji Electronic Industrial Co.) using the
same program used for all previous works, and characterized regarding their
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thermoelectric properties. Same instruments (XRD, DEX, laser flash, ZEM3 and
costume designed) used for the previous works were used to characterize these
samples. . Phase purity checked before and after SPS for all the samples. Lattice
constants were determined using the (111) and (220) peaks along with Bragg’s law.
Figure 6.9 shows the XRD pattern of Si80Ge20 alloys treated with NaBH4 and B after
SPS compared to milled SiGe powder. The boron rich sodium (Na2B29 with lattice
parameters 5.874, 10.403 and 8.359 Ao) peaks were observed in the samples at 2θ =
26.64o, 28.86o, 37.80o, 44.02o, 54.79o, 64.35o and 77.55o (the peaks marked with * in
Fig. 6.9a). The PDF file number of Na2B29 is 01-071-2824, and space group is 8:Im.
The peak of the sample treated with B and NaBH4 {Si80Ge20B1.5(NaBH4)0.2} is shifted
to the right indicating that the sample is doped with the B. The sample treated with
only NaBH4 {Si80Ge20(NaBH4)1.7} peak is shifted to the left indicating that the sample
is doped with another element different than B, which can be the Na (Fig. 6.9b). The
grain size can be taken as a simple average from TEM images (Fig. 6.10) before
SPSing process, it shows grain refined size in the range of 0.3 to 2.0 μm. The SPSed
samples show grain-refined size in the range 1.0 μm comparing to starting non-ball
milled powders of Si ranging from 1-20 μm and Ge of ≈ 44 μm, Fig. 6.11. Figure 6.12
shows the most likely embedded solid residue nanoparticles of NaBH4 in the
boundaries in the fracture surface, which is thought to be the boron rich sodium
nanoparticles.
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Figure 6.9 XRD patterns after SPS shows the 3 samples phase.

Figure 6.10 Shows the grain size of ball milled Si80Ge20 powder.
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Figure 6.11 Shows the grain size of SPSed sample, a thick foil observed in the
boundary.

Figure 6.12 Shows the most likely embedded solid residue nanoparticles of NaBH4 in
the boundaries in the fracture surface.
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6.2.2

Electrical Properties of Ball milled Si80Ge20 Alloys Treated

with NaBH4
Figure 6.13 present the temperature dependence of the electrical resistivity of the
nanostructured dense bulk Si80Ge20 (volume mass density 2.98 g/cm3 measured by
Archimedes technique) in comparison to a p-type SiGe bulk alloy sample used in
RTGs for space power missions.[77] All the samples exhibit similar trends in their
temperature dependence of their physical properties. The carrier concentrations for
both types of SiGe are almost the same (~2.20 × 10 B¾QF).[58] The carrier
concentration of p-type Si80Ge20 is in the range of 1.67×1020cm-3.[49] The decreasing
of electrical resistivity ª for the structured samples can be understood in terms of the
increasing of both the carrier concentration n and mobility (n ~ 2.50×1020 cm-3 and μ
~ 34 cm2 V-1s-1), especially for the sample treated with 2.7% NaBH4 that has higher n
and μ (n ~ 4×1020 cm-3 and μ ~ 40 cm2 V-1 s-1 at room temperature). The Hall
coefficient and Hall mobility are shown in Fig. 6.15 and Fig. 6.16 respectively. The
sign of both the Seebeck coefficient and Hall coefficient indicates that p-type
conduction is dominant in all five samples.
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Figure 6.13 Shows temperature dependent of electrical resistivity for as-prepared
samples.
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Figure 6.14 The carrier concentration of all the samples, the sample treated with 2.7
% NaBH4 has the highest carriers.

Figure 6.15 Shows the Hall mobility of as-densified samples.
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As shown in Fig. 6.16, Seebeck coefficient, for most of as-prepared samples,
rivals to that of the reference, except 2.7% NaBH4 sample which shows lower α.
Since the Seebeck coefficient value is proportional to the effective mass m* and/or
inversely proportional to the carrier concentration n, one possible explanation for the
decreasing

in the sample with extra NaBH4 (% 2.7) is that the increasing of carrier

concentration. Per

. ±.

/ª equation, as ρ decreased and α retained after the

treatment, a significant enhancement in the power factor, comparing to the reference,
occurred for all the samples (see Fig. 6.17).

Figure 6.16 Shows the temperature dependent of Seebeck coefficient of all the
sample, sample treated with 2.7 NaBH4 has lower Seebeck because of the higher
carrier concentration.
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Figure 6.17 All the as-prepared samples exhibit enhancement in power factor.
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6.2.3 Thermal transport Properties of Ball milled Si80Ge20 Alloys
Treated with NaBH4
Figure 6.18 shows the temperature dependent thermal conductivity of all the
structured samples. It is clearly shows that the structured samples have lower thermal
conductivity than the reference, except Si80Ge20(NaBH4)2.7 sample. The thermal
conductivity reduction is mainly due to an enhanced phonon scattering at the
increased grain boundaries. The best result is attained by (NaBH4)1.7 treatment whose
thermal conductivity is ~ 25% lower than the bulk reference at 1100 K, the typical
working temperature for commercial SiGe. However, the thermal conductivity

Figure 6.18 Shows the temperature dependent of total thermal conductivity of the
prepared samples.
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of most of the samples is significantly lower than that of the reference, by as much as
about 20% to 30% at room temperature. The sample treated with 2.7% NaBH4 shows
a higher thermal conductivity than that of the reference, and it is attributed to the
electronic part of thermal conductivity
conductivity for the samples

1

as shown in Fig. 5b. The phonon thermal

as a function of temperature is plotted in Fig. 5c.

Once again, the reference has the highest

, the Si80Ge20(NaBH4)1.7 sample shows the

lowest lattice thermal conductivity.
The purpose of preparing two samples with boron and NaBH4, specifically
Si80Ge20B1,5(NaBH4)0.2 and Si80Ge20B1(NaBH4)0.7 samples with increased the
percentage of NaBH4 and decreased the B, is to investigate the decomposition of
NaBH4. It is found that increasing the NaBH4 content renders more reduction in the
thermal conductivity without degrading the electrical properties. That NaBH4 does not
completely decay to only solid B and Na, but also to boron-rich binary Na-B phases
(Na2B29, Na2B30 or Na3B20).[109] Observing Na2B29 in XRD indicated that a large part
of Na disappeared, since XRD does not find a third phase, Na is likely doped into the
SiGe lattice. This is exciting as it opens a new way to dope SiGe. The lattice constant
change and the carrier concentration change agree with the Na-doping scenario. The
boron-rich binary phases (Na2B29) that observed in XRD have grater lattice
parameters (~ 10.403, 8.359, 5.874 OA) than SiGe, therefore, they will either coat or
randomly disperse in the grain boundaries causing more phonon scattering (Fig. 6.12).
This interprets the lowest thermal conductivity of Si80Ge20(NaBH4)1.7 sample that has.
Figure 2c shows the fracture surface of the sample after SPS, numerous nanoparticles
embedded onto the originally flat surfaces. As the fracture surface zoom in, the
embedded nanoparticles show a grain size of ~ 20 nm. The other indication of boron-
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rich sodium residues impeded in the boundaries is the peak of lattice thermal
conductivity that is very sensitive to the boundaries and point defects. It is obvious
that as the percentage of NaBH4 increased the peak decreased especially
Si80Ge20(NaBH4)1.7 sample which has higher boron-rich sodium nanoparticles.

Figure 6.19 Electron contribution of thermal conductivity of all the samples treated
with NaBH4.
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Figure 6.20 Lattice thermal conductivity of all the samples treated with NaBH4. The
reduction in the peak indicates existence of solid residue nanoparticles of NaBH4.
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6.2.4 Dimensionless Figure of Merit ZT of MA Si80Ge20 Treated with
NaBH4
Higher thermoelectric dimensionless figure of merit ZT values than NASA RTG
has been attained (Fig. 6.21). This enhancement can be mainly attributed, in addition
to the enhancement in the power factor, to the reduction of thermal conductivity,
especially the lattice component. For the nanostructured samples, the ZT value shows
a maximum of about 0.8 at 1100 K that is about 45% higher than that of the reference
(0.5). Even though there is enormous enhancement in the power factor of the
Si80Ge20(NaBH4)2.7 sample, and has the lowest electrical resistivity, it does not have
much improvement in ZT because of the higher thermal conductivity that has.

Figure 6.21 Enhancement of ZT is attributed to enhanced power factor and reduction
of thermal conductivity.
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Conclusion and Future Work
In thermoelectric materials, enhancing the dimensionless figure of merit ZT is the
major goal. However it remains challenge because optimizing ZT requires enhancing
the power factor via increasing both the electrical conductivity and Seebeck
coefficient, and at the same time requires reducing the thermal conductivity. Many
times it is observed that it is a trade off, with the decreasing in thermal conductivity
more than negated by a reduction in the power factor. Therefore the question that we
must answer is “can we enhance the power factor of the materials and at the same
time reduce the thermal conductivity?”. The path of asking and answering this
question through hypothesis, experimentation, and reporting of the successful results
have been covered in this dissertation.
Beyond answering this question, many years of working, researching and
investigations have been spent. The electronic and thermal transport properties of ntype and p-type Si80Ge20 alloys have been investigated, at Clemson Advanced
Materials Laboratory (CAML) at Clemson University with collaboration with
University of Virginia and Nanosonic Corporation, for their potential as
thermoelectric materials. In this research, several mechanisms to manipulate the
lattice thermal conductivity have been investigated such as ball milling and
nanoparticle inclusion. Substitutional doping by different elements can reduce the
lattice thermal conductivity via point defect or mass fluctuation scattering effects. It
has been shown that direct mixing of nanostructures into the ball milled bulk SiGe
material showed some promise, Sec.5.1. Considerable reduction in the lattice thermal
conductivity has been achieved in dense bulk Si-Ge nanocomposite. The thermal
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conductivity reduction is mainly due to an enhanced phonon scattering at the
increased grain boundaries of the grain-refined SiGe in addition to contribution of
adding the YSZ nanoparticles. In addition, the Seebeck coefficient is enhanced by
adding YSZ nanoparticles. Adding YSZ nanoparticles to the matrix does not enhance
ZT due to the significant decrease in the electrical conductivity. Therefore, for future
work, non- oxide nanoparticles inclusion instead could be beneficial to improve ZT.
The phenomenological model developed by Callaway was used to describe
temperature dependence of

at low and high temperatures of both Si80Ge20P2 and

Si80Ge20P2 +YSZ alloys. Good agreement with experimental data was observed.
Methods of grain boundary engineering that did not involve the use of core shells
gave very little incentive for further investigation, Sec.5.2. Meanwhile, direct
application of chosen core shells onto a bulk SiGe alloy had very promising results.
The studies reviewed in this section showed both a proof of concept that core shells
could significantly reduce lattice thermal conductivity and enhance Seebeck
coefficient. The only concern about the YSZ direct inclusion or core shell is that these
coatings are too thick leading to degrading the electrical conductivity of the material.
We have also presented the preliminary results on another method of enhancing
the power factor in a material, specifically by NaBH4 treatment. NaBH4 directly added
to single element spark plasma sintered Si80Ge20. Considerable improvement in
thermoelectric power factor of single element Si80Ge20 was achieved via NaBH4
dopant. Such an improvement is attributed to the increasing of the carrier
concentration, consequently reducing the electrical resistivity. Both Hall and Seebeck
coefficients show that all the samples are p-type. Analysis of the results shows that
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the reduction of the resistivity is attributed to the increased carrier concentration.
About 20% enhancement in the dimensionless figure of merit ZT was attained due to
the enhanced power factor.
The enhancement of power factor in SE SPS SiGe treated with NaBH4 urged us
to think about reducing the thermal conductivity with retaining this enhancement in
the power factor. Therefore, the same work was done on ball milled Si80Ge20 powder.
We successfully reduced the thermal conductivity and, at the same process, enhanced
the power factor via treating, with different ratios, spark plasma sintered Si80Ge20
alloys with decomposed (at SPS process) NaBH4 alkali-metal-salt. The results show a
large reduction in the electric resistivity without degrading the Seebeck coefficient,
leads to enormous enhancement in the power factor. The reduction of the electrical
resistivity is attributed to the increasing of the carrier concentration. The reduction in
the thermal conductivity is mainly due to an enhanced phonon scattering at the
increased boundaries of the refined grains in addition to the contribution of boron rich
sodium phase nanoparticles which coat or disperse in the boundaries. The
enhancement of dimensionless figure of merit ZT is attained by the enhanced power
factor and, at the same time, the reduction of the thermal conductivity. The enhanced
ZT of SiGe alloys can open many new horizons to many applications of
thermoelectric materials, such as converting solar thermal energy to electricity and
waste heat recovery. Observing Na2B29 in XRD indicated that a large part of Na
disappeared, since XRD does not find a third phase, Na is likely doped into the SiGe
lattice. This is exciting as it opens a new way to dope SiGe. The lattice constant
change and the carrier concentration change agree with the Na-doping scenario.
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Other possible future works are include: (i) changing the ratio of Si with respect
to Ge (Si100-xGex , x = 0, 10, 20,……, 100) and using NaBH4 treatment expected to
improve the current ZT. (ii) combining between YSZ nanoinclusion and NaBH4
treatment, in another words, adding both YSZ nanoparticles and NaBH4 to ball milled
Si80Ge20 expected to lead to more enhancement in ZT. But we have to be careful about
the reaction between NaBH4 and YSZ because the sodium is easy to react with the
oxygen imbedded in the YSZ, that is why we suggested non-oxidized nanoparticles
instead of YSZ for inclusion. (iii) The success of NaBH4 alkali metal salt treatment
leads to thinking about another treatment using NaBH4 family such as LiBH4 or
Ca(BH4)2.
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APPENDICES
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Appendix A: Typical thermoelectric properties of n and p-type of
Silicon Germanium.[10]
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Appendix B: List of Symbols, Units and Constants
Table B-1: List of Symbols
Symbol
κ
κL
κe
ρ
σ
α
l
L
ПAB
ΘD
P
∆V
∆T
vs
EF
C
Cp
CV
n
μ
a
I
ηmax
τ
TH
TC
ZT
RL
COP
M
λ
θ
A
d
R
Rs
Vs
VTE
VH

Description
Thermal Conductivity
Lattice Thermal Conductivity
Electronic Thermal Conductivity
Electrical Resistivity
Electrical conductivity
Seebeck Coefficient
Mean Free bath
Average Grain Diameter
Relative Peltier Coefficient
Debye Temperature
Power input
Potential Gradient
Temperature Gradient
Velocity of Sound
Fermi Energy
Specific Heat
Specific Heat at constant pressure
Specific Heat at constant volume
Carrier Concentration
Electron Mobility
Lattice Constant
Current
Maximum Efficiency
Relaxation Time
Temperature of Hot side
Temperature of Cold side
Dimensionless Figure of Merit
Load Resistance
Coefficient of Performance
Atomic Mass
Wavelength
Angle
Area of Circle
Diameter of Average grain
Resistance
Sample Resistance
Sample Voltage
Thermoelectric Voltage
Hall Voltage
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Unites
Wm-1K-1
Wm-1K-1
Wm-1K-1
mΩ-cm
(mΩ-cm)-1
μVK-1
Μm
Μm
μV
K
W
V
K
m/s
eV
Jmol-1K-1
Jmol-1K-1
Jmol-1K-1
cm-3
2
cm V-1sec-1
ºA
Ampere
-Sec
K
K
-Ω
-g/mol
ºA
Degree
m2
Μm
Ω
Ω
V
V
V

L
B
ρH
t
D(εF)
EV
EC
m*
Eg
Q
ν
ω
k
γ
Prad
/¤¦

Length
Magnetic Field
Transverse Hall Resistivity
Thickness
Density of State at Fermi Level
Energy of Valence Band
Energy of Conduction band
Effective Mass
Activation Energy
Heat Flux per unit time per unit area
Phonon Frequency
Angular Frequency
Wave Vector
Gruneisen Parameter
Radiation power
Infra-Red emissivity

Cm
T
mΩ-cm
Mm
-eV
eV
Kg
eV
Wm-2
Hz
rad/s
oA-1
---

W
---

Table B-2: List of Constants
Constant
kB
h
me
R
Lo
e
ƒ-s
ħ=h/2π

Description
Boltzmann’s constant
Planck’s constant
Mass of an electron
Universal Gas constant
Lorenz number
Charge of an electron
Stefan-Boltzmann constant
Reduced Plank’s constant
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Value
1.38 × 10-23 J/K
6.63 × 10-34 Js
9.11 × 10-31 kg
8.31 J mol-1K-1
2.45 × 10-8 V2K-2
1.5 × 10-19 C
5.7 × 10-8 Wm-2K-2
1.05 × 10-34 Js

Appendix C
Derivation of the equation for velocity of sound as given in section
5.1.3:
From the definition of the Debye temperature, ΘD:
kBΘD = ħω
where kB is the Boltzmann constant and ω the angular frequency. The velocity of
sound can defined as:
@¯

ðñ

]
2à b g
2a

where it is assumed that the wavelength λ=2a, where a is the lattice constant and ñ is
the frequency of oscillation. Substituting the value of ω from òm
@¯

2à(rs òm /2a)

Hence, the velocity of sound is given by
@¯

2rs àòm
ℎ
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ћ]m ⁄rs we get

Appendix D
Expected solid residues of decomposed NaBH4. [109]
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